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with a Tunable a-M ethylene-g-lactam Electrophile
Paul A. Jackson, PhD

University of Pittsburgh, 2017

Unsaturated amides have emerged as invaluable electrophilic motifs as evidenced by the
recent FDA approval of acrylamide-containing drugs, afatinib, ibrutinib, and osimertinib, as
treatments for lung and blood cancers. These Michael acceptors represent a class of irreversible,
targeted covalent inhibitors that selectively react with a cysteine in the active site of a specific
protein. Inspired by these successful drugs, 6,12-guaianolide isosteres equipped with electronically

tunable a-methylene-y-lactams are envisioned as compounds with great potential for exhibiting

desired biological activities. The guaianolide family was selected for study because it exhibits an
exciting range of biological activities including inhibition of the NF-xB pathway. However, the
indiscriminate reactivity of the a-methylene-y-lactone embedded in many of these natural products
raises many concerns. Towards this end, guaianolide isosteres have been prepared using an allenic
Pauson-Khand reaction of a-methylene-y-lactam tethered allene-ynes affording rapid access to the
[5,7,5]-ring system characteristic of this class of compounds. In turn, these products are equipped
with an unsaturated amide whose electrophilic reactivity is modulated by varying substituents at
the lactam nitrogen. The allenic Pauson-Khand precursors were prepared using an
allylboration/lactamization reaction to afford the alkynyl functionalized a-methylene-y-lactam, a
heretofore unprecedented transformation utilizing a-imino alkynes. Substituents on the sterically

encumbered lactam nitrogen were introduced using Buchwald-Hartwig cross-coupling conditions.

v



Finally, the chemical reactivity of the 6,12-guaianolide isosteres towards biothiols was measured
qualitatively and their activity as inhibitors of the NF-kB signaling pathway was demonstrated.
The use of allenyl acetates in the allenic Pauson-Khand reaction with a-methylene-y-lactam tethers
was examined to synthesize lactam-containing guaianolide analogs with an a-acyloxy

cyclopentenone.
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1.0 THIOL REACTIVITY AND BIOLOGICAL ACTIVITY OF ACRYLAMIDES, a-

METHYLENE-y-LACTONES, AND a-METHYLENE-y-LACTAMS

Portions of this chapter are adapted with permission from: Jackson, P. A.; Widen, J. C.; Harki, D.
A.; Brummond, K. M. Covalent Modifiers: A Chemical Perspective on the Reactivity of a,p-
Unsaturated Carbonyls with Thiols via Hetero-Michael Addition Reactions. J. Med. Chem. 2017,

60, 839-885 ©2017 American Chemical Society

Acrylamides are an emerging motif in drug discovery because of the recent FDA approval of
afatinib (1.1), ibrutinib (1.2), and osimertinib (1.3) as treatments for non-small cell lung cancer
(1.1, 1.3) and various blood cancers (1.2, Figure 1).!* These drugs are irreversible inhibitors of
the epidermal growth factor receptor (1.1, 1.3) or Bruton's tyrosine kinase (1.2), and they gain
selectivity over other kinases by forming covalent bonds to unique cysteine residues in these
enzymes.>® The success of acrylamides for targeting discreet cysteine residues in a number of
kinases and the HCV protease has resulted in a renewed interest in covalent drugs.”!” Acyclic
acrylamides generally have limited reactivity with thiols because they are only weakly
electrophilic, which limits nonspecific interactions with off-target proteins and endogenous thiols
like glutathione; the positioning of the electrophile near a cysteine residue of a target protein
through noncovalent interactions promotes covalent bond formation.'®!” Inspired by this emerging

area and an interest in synthetic access to biologically relevant guaianolide analogs, we



hypothesized that a-methylene-y-lactams could serve as tunable isosteres of a-methylene-y-

lactones by modifications to the lactam nitrogen.

SN
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(0]
\)J\N /\[(
o OMe
(0] N
0 \\| N’N N HN\WN\
N \ A
NH
ClD/ H,N AN
NMe
F PhO
1.1: Afatinib 1.2: Ibrutinib (PCI-32765) 1.3: Osimertinib (AZD9291)

Figure 1.1. Recently approved, irreversible covalent drugs containing acrylamides.

This thesis describes the synthesis of guaianolide analogs containing an isosteric
replacement of the o-methylene-y-lactone Michael acceptor with an a-methylene-y-lactam.
Guaianolides possess a range of biological properties, and they contain an electrophilic o-
methylene-y-lactone which is often important for the observed bioactivity; examples of
guaianolides include arglabin (1.4), eupatochinilide VI (1.5), moxartenolide (1.6), and
chinensiolide B (1.7, Figure 1.2).2%2* However, the a-methylene-y-lactone is also attributed to the
toxicity of these compounds. By changing the nitrogen substituent of a-methylene-y-lactam
guaianolide analogs (e.g. 1.8), the rate of hetero-Michael addition of thiols as well as the biological
activity can be significantly affected due to the change in electrophilic reactivity of acrylamides
and a-methylene-y-lactams when electronically diverse nitrogen substituents are installed.

Guaianolides have been shown to inhibit the NF-kB (nuclear factor kB) pathway by forming a



covalent bond between the a-methylene-y-lactone and a sulthydryl group of the p65 protein.

Inhibition of the NF-kB pathway promotes apoptosis and is frequently overactive in many cancers

and inflammatory diseases making it a desirable drug target.>>’
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Figure 1.2. Guaianolide natural products and a model for tunable a-methylene-y-lactam analogs.

To put this work in context, an introduction to covalent modifiers and examples of targeted
covalent inhibition with acrylamides is presented. The hetero-Michael addition of thiols to a,f3-
unsaturated amides or lactams is compared the that of a-methylene-y-lactones. Previous studies on
the i1sosteric replacement of lactones with lactams are presented, as well as the tunability of a,f3-
unsaturated amide or lactam Michael acceptors. Methods for the synthesis of a-methylene-y-
lactams are reviewed before the synthesis of novel a-methylene-y-lactam guaianolide analogs,
which are accessible in 10-12 synthetic operations from commercially available starting materials,

1s discussed.



1.1 TARGETED COVALENT INHIBITION IN DRUG DESIGN

Covalent modifiers are an important class of compounds that, despite numerous successful
examples, are typically avoided in target-directed drug discovery efforts.!> Protein reactive drugs
inhibit protein function by forming covalent bonds with nucleophilic amino acids in proteins, in
contrast with noncovalent drugs, which inhibit protein function by intermolecular interactions, and
DNA reactive drugs that form covalent adducts with DNA bases. Covalent drugs are prevalent in
the pharmaceutical industry, with at least 42 protein reactive covalent drugs being approved by the
FDA as 0f 2011.'® Covalent drugs can bond to proteins or DNA via different mechanisms including
acylation, alkylation, metal/metalloid binding, disulfide bond formation, hemiacetal formation,
Michael addition, and the Pinner reaction.'®> Of the approved covalent drugs, 14 are known to react
with cysteine residues, and only five have been shown to undergo Michael addition (gemcitabine,
floxuridine, afatanib (1.1), ibrutinib (1.2), and osimertinib (1.3)). One reason covalent drugs have
been avoided in drug design is their potential for off-target reactivity that can lead to toxicity or an
immune response, ' even though there has not been a systematic study demonstrating that covalent
modifiers can lead to idiosyncratic effects.”® However, covalent inhibitors containing weak
electrophiles that require a significant noncovalent interaction for covalent bond formation to
occur (i.e. quiescent irreversible inhibitors), should be distinguished from strongly electrophilic

compounds that bind to many accessible nucleophilic residues on a variety of proteins.'® Weakly



electrophilic compounds bearing some noncovalent target affinity are more easily developed into
biologically useful agents due to their enhanced predictability with respect to target binding.'®

The majority of covalent drugs were discovered through screening of natural product or
synthetic compound libraries and were demonstrated to have covalent mechanisms of action after
FDA approval; the most conspicuous examples being aspirin and B-lactam antibiotics.!® More
recently, covalent drugs have gained popularity by virtue of their ability to modulate difficult
molecular targets.'® For example, selective kinase inhibitors that form covalent adducts to rare
cysteine residues located in the active sites of kinases have been reported. Kinases are notoriously
difficult to target with high selectivity using noncovalent inhibitors due to sequence conservation
and the similarity of the ATP (adenosine triphosphate) binding pocket among the more than 500
human kinases.!” Covalent inhibition has also been used to target shallow binding pockets in HCV
protease®” and is being investigated for targeting protein-protein interactions.’*** Thus, covalent
drugs offer an approach to expanding the druggable landscape of biological molecules.

Covalent drugs can function as reversible and irreversible inhibitors of proteins.
Irreversible inhibitors have been classified as covalent modifiers that undergo a reverse reaction
slower than the rate of protein synthesis, while reversible covalent inhibitors undergo the reverse
reaction faster than the rate of protein synthesis.'® Drugs that function as irreversible inhibitors
have several advantages over ones that operate through noncovalent interactions alone. These
include selectivity for specific proteins in the same family by targeting non-conserved residues in
a binding site, small infrequent dosing due to a shutdown of protein function until that protein is
resynthesized, and higher binding affinities. Covalent drugs have been shown to overcome drug
resistance as seen with irreversible epidermal growth factor receptor (EGFR) inhibitors'®* and

hepatitus C viral (HCV) protease inhibitors.” Mutations can cause drug resistance by changing the



shape of the active site and lowering the binding affinity by reducing noncovalent interactions
(increasing ki), but a covalent mechanism of inhibition may avoid this resistance mechanism.'® If
the amino acid that is to be covalently modified is itself mutated, it is possible that a drug can still
act as a noncovalent inhibitor.

Alternatively, rapidly reversible covalent inhibitors bind and release proteins like
noncovalent inhibitors, but covalent bond formation provides a stronger binding affinity than most
noncovalent interactions such as hydrogen bonding, van der Waals forces, m-stacking, and
hydrophobic effects.?® When compared to noncovalent inhibitors, reversible covalent inhibitors
can have longer residence times and afford increased selectivity by forming covalent bonds to
uniquely positioned amino acids. For example, one strategy for increasing the selectivity of an
inhibitor involves the attachment of a Michael acceptor to a noncovalent inhibitor at a site that will
be proximal to a cysteine when bound to a protein; targeting cysteine residues in this way is known
as targeted covalent inhibition.'® Bioinformatics has shown that 211 kinases contain a cysteine in
the ATP binding pocket in the active conformation which is distributed over 27 distinct positions.>*
For the inactive kinase conformations, which have extended binding pockets, 16 additional
cysteine positions in 193 kinases were identified. However, only a few of these positions have
been exploited for targeted covalent inhibition.**

Targeted covalent modifiers initially form a noncovalent complex with a target protein
through noncovalent interactions. This is followed by covalent bond formation with a nucleophilic
amino acid as depicted by Equation 1.1. The initial binding specificity, ki, can be improved by
optimizing the noncovalent interactions between a small-molecule inhibitor and its protein target,
similar to noncovalent drugs. The kinact (k2) is the rate at which the covalent modification occurs

and is typically optimized by placing an electrophilic moiety in close proximity to a nucleophile



in the binding site. Alternatively, increasing the reactivity of the electrophilic moiety can increase
the rate of covalent bond formation to a target protein. The potency and selectivity of covalent
drugs can be measured by the specificity constant, which is equal to Kinact/ki, and is considered a
more reliable measure of potency for irreversible inhibitors than ICso (half maximal inhibitory
concentration) values.!® 3>37 This is because irreversible, covalent inhibitors display time-
dependent inhibition which is not accounted for in typical ICso assays. ICso measurements are
commonly used for the characterization of irreversible inhibitors in biochemical assays with an
associated time (i.e. ICso for target inhibition after treatment with an inhibitor for 0.5 h) and, more
appropriately, in cellular assays where the activity of the irreversible inhibitor is dependent on

multiple factors such as cellular uptake, compound stability, and target inhibition.

Ki k2 (kinact)
E+| —= Eel—> E-l
initial Covalent
non-covalent adduct

binding interaction

Equation 1.1 Covalent inhibition of an enzyme.

As targeted covalent modification has been validated as an approach to drug development,
a number of acrylamide-containing covalent inhibitors have displayed promising biological
activity. In addition to the approved drugs afatanib (1), ibrutinib (2), and osimertinib (3), there
have been a number of other acrylamide compounds that have shown potential as drugs and
biological probes.

Telaprevir (1.9) is a reversible covalent modifier that treats hepatitis C virus (HCV) by

targeting a catalytic serine in the HCV protease. This serine is common across many viral and



human proteases (Ser139 in HCV protease); a reversible covalent bond occurs by forming a
hemiacetal between the hydroxyl group of serine and the ketoamide functionality of telaprevir.?’
The utility of telaprevir (1.9) inspired the development of irreversible HCV protease inhibitors
1.10 and 1.11 which included an acrylamide motif on a structurally related scaffold (Figure 1.3).
Inhibitors 1.10 and 1.11 were designed to target Cys159, a unique amino acid to HCV protease
identified using structural bioinformatics.’ In a fixed time point enzymatic assay, compounds 1.10
and 1.11 with a Michael acceptor were potent inhibitors of HCV protease (ICso =4 and 2 nM for
1.10 and 1.11, respectively) while compound 1.12 which lacks the acrylamide group, showed only
weak inhibition of HCV protease (ICso = 1147 nM).? A targeted covalent inhibition mechanism
for compounds 1.10 and 1.11 was supported by mutation of Cys159 to serine, which resulted in a
reduction in potency of 1.10 and 1.11, whereas 1.12 maintained a similar potency compared to the
non-mutated protein. Co-crystallization of inhibitor 1.10 with HCV protease confirmed a covalent

C-S bond between Cys159 and the acrylamide group.’
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Figure 1.3. HCV protease inhibitors.
Gefitinib (1.13) is a small molecule inhibitor that targets mutated forms of EGFR in cancer

cells. After FDA approval in 2003, it was discovered that EGFRs acquire resistance through

8



specific mutations within the binding pocket; nearly half of the patients had a T790M single point
mutation responsible for resistance to therapy.® To combat this acquired resistance, structural
modifications were made to gefitinib (1.13) that included replacement of the 3-morpholino propyl
group with a 4-dimethylaminobutenamide to produce afatinib (1.1), a compound designed to
undergo a hetero-Michael addition with Cys797 in the active site of EGFR (Figure 1.4). Indeed,
this second-generation EGFR inhibitor afatinib (1.1) was active at the nanomolar level against lung
cancer cells containing this mutation.”® X-ray crystallography and in situ labeling followed by
LC-MS/MS analysis confirmed a covalent bond between afatinib (1.1) and Cys797.!° Despite FDA
approval, afatinib (1.1) was somewhat toxic and required large dosages due to low efficacy. It has
been postulated that this toxicity is due to inhibition of wild-type EGFR and that the low efficacy
was a result of diminished noncovalent binding of 1.1 to T790M EGFR.* Third-generation EGFR
inhibitors osimertinib (1.3) and rociletinib (1.14) were developed to selectively target T790M-
mutated EGFR over wild-type EGFR.?® Osimertinib (1.3, AZD9291, Tagrisso) is an irreversible,
mutant-selective EGFR inhibitor, developed by AstraZeneca, which was approved in November
2015 for treatment of non-small cell lung cancer for patients with the T790M mutation of EGFR;
osimertinib (1.3) has an ICs¢ value of 12 nM for EGFR with the L858R/T790M mutation and an
ICso value of 480 nM for wild-type EGFR.% ® Rociletinib (1.14, CO-1686, AVL-301) is another
mutant selective covalent inhibitor of L858R/T790M EGFR, currently in clinical trials, with a k;
of 21.5 nM against this mutation and a ki of 303.3 nM against wild type EGFR (Figure 1.4).40-4!
Recently, mutation of Cys797 to serine has been discovered as a mutation that imparts resistance
to these covalent modifiers 1.1, 1.3, 1.13, 1.14, as the less nucleophilic serine fails to form a

covalent bond with the acrylamide Michael acceptors.*?
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Figure 1.4. Reversible and irreversible EGFR inhibitors.

Fibroblast growth factor receptors (FGFR1-4) and Bruton's tyrosine kinase (Btk) are
tyrosine kinases related to EGFR and which are also susceptible to irreversible, covalent inhibition.
Inhibitors of these enzymes were designed using a similar targeted covalent inhibition strategy to
that described above. Noncovalent FGFR inhibitor PD173074 (1.15) lead to the design of FIIN-1
(1.16) possessing an acrylamide group that reacts with Cys486 in the ATP binding pocket of
FGFRI1 to form a hetero-Michael adduct (Figure 1.5).!! Reduction of the acrylamide double bond
of 1.16 resulted in a 24-fold decrease in activity for blocking proliferation and survival of FGFR1-
transformed Ba/F3 cells (ECso, 14 nM vs 340 nM) and a 100-fold decrease in activity against
FGFR3-transformed Ba/F3 cells (ECso, 10 nM vs 1040 nM), demonstrating the importance of the

Michael acceptor for effective inhibition. !
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Figure 1.5. FGFR inhibitors.

The Btk noncovalent inhibitor PCI-29732 (1.17) was used in the design of targeted
covalent inhibitor ibrutinib (1.2, PCI-32765), which shows a 500-fold increase in selectivity for
Btk over related kinases Lck/Yes-related novel tyrosine kinase (Lyn) and spleen tyrosine kinase
(Syk) in Ramos cells; PCI-29732 (1.17) showed only a 4-fold selectivity for Btk in the same assay
(Figure 1.6).!? This increased selectivity is a result of covalent bond formation between the
acrylamide group of ibrutinib (1.2) and Cys481 in the ATP-binding pocket of Btk.” Ibrutinib (1.2)
favors inhibition of kinases containing a cysteine or serine at position 481 with >100-fold
selectivity, inhibiting only a few kinases, Btk, Blk (B lymphocyte kinase), and Bmx (bone marrow
tyrosine kinase gene in chromosome X, also called Etk), with subnanomolar potencies due
similarities in their binding sites.” Lou et al. propose that amino acids larger than cysteine or serine
at the position equivalent to Cys481 of Btk clash with the pyrazolidine ring, leading to increased
selectivity over kinases lacking a cysteine or serine at this position, but there is no evidence of
serine undergoing covalent bond formation to 1.2.” Ibrutinib (1.2) was approved by the FDA in
2013 for the treatment of mantle cell lymphoma and in 2014 for the treatment of chronic
lymphocytic leukemia; it is predicted to reach peak annual sales of $5 billion a year and is currently

in clinical trials for the treatment of other types of cancers.>* * Spebrutinib (1.18, AVL-292, CC-
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292) is similar in structure to ibrutinib (1.2) and is an irreversible Btk inhibitor under investigation
for the treatment of chronic lymphocytic leukemia as well as rheumatoid arthritis and multiple
myeloma (Figure 1.6).***> The recent approvals of several covalent drugs utilizing an acrylamide
motif have led to the development of acrylamide-containing, irreversible inhibitors for a number
of protein targets which are difficult to target noncovalently due to similarities with other proteins.
By utilizing rare cysteine residues in the active sites of various proteins, target selectivity can be
achieved. Identification of unique cysteine residues in kinases through analysis of available crystal
structures, sequencing information, and proteomics methods have identified 404 kinases with
cysteines in the active site. These cysteines are located at 43 distinct positions (27 positions for
active conformations in 211 kinases and 16 positions for inactive conformations in 193 kinases),

indicating potential for the development of selective, covalent kinase inhibitors.3% 46-47
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Figure 1.6. Btk inhibitors.

Screening of covalent inhibitors for kinase inhibitions led to the development of pan JNK
(c-jun NHp-terminal kinase) inhibitors 1.19-1.21 (Figure 1.7).!* INK-IN-11 (1.19), the most potent

inhibitor tested with ICso values of 0.5-1.3 nM for inhibition of JNK1/2/3, also showed significant
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inhibition against several other kinases. However, JNK-IN-8 (1.20) showed excellent selectivity
for INK1/2/3 over other kinases with only a small decrease in activity (ICso of 1-18.7 nM for
inhibition of JNK1/2/3). Incorporation of an acrylamide motif was necessary for in vivo potency
and selectivity for JNK1/2/3 in a panel of 200 kinases using a fixed time point enzymatic assay;
without this group, the activity of each inhibitor was reduced 100-fold.!* Covalent kinase inhibitors

for Bmx and cyclin dependent kinase 7 (CDK7) have also been developed using this strategy.***
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Figure 1.7. Pan JNK 1/2/3 inhibitors.

Gaining specificity to a target protein through targeted covalent inhibition has been
demonstrated as a successful strategy in the examples presented above. An acrylamide group is
often used as the Michael acceptor in these approaches because it is weakly electrophilic, limiting
an off-target reactivity. An alternative strategy to incorporating weakly electrophilic groups at key
locations in an inhibitor is the inclusion of strong electrophiles that form rapidly reversible
covalent bonds in a non-biological environment, such as cyanoacrylamides.’® The additional
electron-withdrawing cyano group increases the reaction kinetics of the thiol addition, but in turn
decreases the equilibrium constant, possibly by decreasing the pKa of the a-proton on the Michael
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adduct.’! Designing inhibitors with sufficient noncovalent affinity to place the acrylamide near an
a cysteine residue in a binding pocket is required for covalent bond formation to occur, thus
minimizing side reactions with other cellular thiols, such as GSH and solvent-exposed cysteines
on other proteins.'® 2% 3 Several reviews have been published on the development and use of
irreversible kinase inhibitors.!” 4% 5255 The development and approval of several acrylamide-
containing targeted covalent modifiers demonstrate that this is a valid strategy for drug
development. In order to develop new targeted covalent modifiers, the thiol reactivity of other

electrophiles needs to be better understood.

1.2. BIOLOGICAL ACTIVITY AND THIOL REACTIVITY OF o-METHYLENE-y-
LACTONES, o-METHYLENE-y-LACTAMS, MACROCYCLIC o-METHYLENE

LACTAMS, AND ACRYLAMIDES

The biological activity and thiol reactivity of various a-methylene-y-lactones, a-methylene-y-
lactams, macrocyclic a-methylene lactams, and acrylamides are presented for comparison of these
different structures. As not a lot of information is available for direct comparison of these various
electrophiles, the bioactivity and thiol reactivity is presented in various ways depending on the
availability; this includes rate data for thiol addition, yields of thiol addition reactions, evidence
for protein adduct formation, and toxicity of isosteric a-methylene-lactones and lactams.
Sesquiterpene lactones are a major class of natural products and several reviews have covered the
biological importance and therapeutic potential of a-methylene-y-lactone-containing

56-58

compounds. a-Methylene-y-lactones react with biologically relevant thiols such as cysteine
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and glutathione (GSH) via a hetero-Michael addition reaction to form thiol adducts both in a flask
and in biologically relevant systems.**-%?

Examples of sesquiterpene lactone natural products containing an a-methylene-y-lactone
for which thiol reactivity data is available include melampomagnolide B (1.22), parthenolide
(1.23), costunolide (1.24), anhydroverlatorin (1.25), and verlatorin (1.26, Figure 1.8).7 The a-
methylene-y-lactone is responsible for the many of the observed biological activities of
sesquiterpene lactones, as reduction of the exocyclic methylene generally eliminates biological

activity, with a few exceptions.?*2* 68

a-Methylene-y-lactams are much less common in natural
products, and their biological activity and thiol reactivity are not as well studied as their lactone
counterparts.®” However, a-methylene-y-lactams are generally categorized as less toxic than the
isosteric lactones. Lactams such as pukeleimide (1.27), anatin (1.28), gelegamine (1.29), and
bisavenanthramide B-6 (1.30) are some of the only natural products known that possess a-
methylene or a-alkylidene moieties on small rings. (Figure 1.8).%° 7 Macrocyclic a-methylene-

lactams such as the microcystins and rakicidin A have been shown to react with thiols and are also

discussed in this section.
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Figure 1.8. Natural products with a-methylene-y-lactones (A) or a-methylene-y-lactams (B).

1.2.1. Comparison of the Biological Activities of Isosteric a-Methylene-y-lactams and a-

Methylene-y-lactones

The biological activities of synthetic, small molecule a-methylene-y-lactams have been compared
to the corresponding lactones when small libraries of these compounds were prepared. A recent
review highlights the biological activity of natural product o-methylene-y-lactones and lactams.”!
In most cases the lactam is less active than the lactone, but few studies have examined the effects
of changing the nitrogen substituent, instead focusing on the substituents at the § and y-positions
of the lactones and lactams, while the nitrogen remained unsubstituted or methylated. Additionally,

the reduced toxicity observed for a-methylene-y-lactams compared to isosteric a-methylene-y-
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lactones could be beneficial in cases where the bioactivity for a particular target or pathway is
maintained.

Table 1.1 compares the cytotoxicity of isosteric a-methylene-y-lactams and lactones with
various y-substituents.”>”®> The cytotoxicity of a-methylene-y-lactones ranges from 1.3-32.5 uM
in the mouse lymphocytic leukemia cell line L-1210, while the corresponding lactams range from
20.0 to >100 uM. The L-1210 cell line is the only one where a lactam is more cytotoxic than the
lactone, although 1.31a and 1.32a are fairly close in cytotoxicity (entries 1-2). The human
leukemia cell lines (HL-60 and NALM-6) show a much greater difference in cytotoxicity between
the a-methylene-y-lactones (ICso =20-100 uM) and the isosteric lactams (ICso = 83-989 uM, Table
1.1).

Table 1.1. Comparison of cytotoxicity of y-substituted a-methylene-y-lactams and lactones.

) 0]
R2. N& O&
R R
1.31a-g 1.32a-g
Entry Compound R! R? Cytotoxicity (ICso, pM)
| L-1210  HL-60 NALM-6
1 1.31a Me H 20.0 640 658
2 1.32a Me - 32.5 77.4 41.0
3 1.31b Et H >100 894 387
4 1.32b Et - 6.0 39.5 51.6
5 1.31¢ n-pentyl H 59.0 397 82.7
6 1.32¢ n-pentyl - 20.0 99.4 23.6
7 1.31d Bn H 93.0 490 420
8 1.32d Bn - 15.5 42.7 5.4
9 1.31e CH;-3,4-OMeCsH3 H 79.0 402 507
10 1.32¢ CH»-3,4-OMeC¢H3 - 4.3 46.3 6.0
11 1.31f Ph Me >50 989 553
12 1.32f Ph - 1.4 36.9 9.1
13 1.31g 4-BrCeH4 Me >50 220 141
14 1.32¢g 4-BrCeH4 - 1.3 20.3 85.3
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Table 1.2 compares the cytotoxicities of 3, y-substituted a-methylene-y-lactams 1.33-1.34
to the structurally similar lactone 1.35 and isoxazolidinone 1.36.7+7¢ As above, the a-methylene-
y-lactams 1.33-1.34 are significantly less toxic than the lactone 1.35 and isoxazolidinone 1.36,
which each show similar cytotoxicity values in the 3 cell lines tested. Surprisingly, the y-ethyl
lactam 1.34 is 5-8 fold more cytotoxic than the y-methyl substituted lactam 1.33, suggesting that
thiol reactivity is not the only factor that influences the cytotoxicity of these compounds, but

molecular recognition or lipophilicity may play a role.

Table 1.2. Cytotoxicity of B-aryl-y-alkyl substituted a-methylene-y-lactams, lactones, and

1soxazilidinones.
Cell line Cytotoxicity (ICso, pM)
Compound 0 0 0 0
sog ;
[ N
2 /
1.33 Br 1.34 Br 1.35 Br 1.36 Br
L-1210 - 43 1.6 0.7
HL-60 516 66 1.2 5.1
NALM-6 434 81 0.6 4.6

Hall and coworkers synthesized a library of a-methylene and a-arylidene-y-lactones and
lactams which were screened for inhibition of homoserine transacetylase (HTA).”” HTA is an
essential enzyme involved in the biosynthesis of methionine, which is found in fungi, gram
positive and some gram negative bacteria, but not in more complex eukaryotes; it is a potential
target for new antibiotics. Out of 111 compounds screened, ten hits were obtained and five hits
were confirmed upon further testing. ICso values were obtained for two a-methylene-y-lactams

1.37 and 1.38 which inhibited HTA with ICso values of 144 and 140 puM, respectively (Figure 1.9).
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Figure 1.9. a-Methylene-y-lactam inhibitors of homoserine transacetylase (HTA).

a-Methylene-y-lactams are generally less toxic than isosteric a-methylene-y-lactones,
although the reasons for this are unclear from the data available. One possibility is the reduced

electrophilic reactivity of a-methylene-y-lactams compared to a-methylene-y-lactones.
1.2.2. Thiol Reactivity of a-Methylene-y-lactones

Thiol adduct formation can be used to predict the potential of a-methylene-y-lactones to form
covalent adducts to cysteine residues in proteins. Rapid formation of thiol adducts can indicate
that an electrophile will react indiscriminately with solvent exposed cysteine residues.
Parthenolide (1.23), costunolide (1.24), verlatorin (1.25), and anhydroverlatorin (1.26) were all
confirmed to react with cysteamine in DMSO-ds, a '"H NMR method that measured the
disappearance of the a-methylene peaks of the lactone.”® Costunolide (1.24), possessing an a-
methylene-lactone was used as a benchmark for measuring conjugate addition, as thiol addition to
1.24 has been documented.”®-*® Unactivated thiols dodecanethiol or N-acetyl-cysteamine did not
react with costunolide (1.24) in 24 h with toluene, chloroform, MeCN, MeOH, or DMSO

solvents.”® Cysteamine is an activated thiol due to the free amine which can act as a base for
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deprotonating the thiol or a hydrogen bond donor to activate the carbonyl of the a-methylene-y-
lactone towards conjugate addition. Hetero-Michael addition of cysteamine to 1.24 occurred
slowly in methanol or acetonitrile and instantaneously in DMSO. Using this data Michael
acceptors were classified as reactive or nonreactive based on whether they formed adducts with
cysteamine. The reactive compounds were further classified as reversible or irreversible based
upon the reversibility of the hetero-Michael addition upon 10-fold dilution with CDCls. This
method also demonstrated the selectivity of cysteamine for thiol addition with Michael acceptors

as no reaction with the peroxide of 1.25 or the epoxide of 1.26 was detected.

Z <
O =
0]

o)
o) (6]
1.23 1.24

Parthenolide Costunolide

1.40

0]

0
0 0

1.25 1.26
Verlatorin Anhydroverlatorin 1.41 1.42

0]

Scheme 1.1. a-Methylene-y-lactones that react with cysteamine in 'H NMR assay.

The reactivity of three a-methylene-y-lactone-containing natural products, elephantopin
(1.43), eupatundin, (1.44), and vernolepin (1.45) with endogenous nucleophiles, such as lysine and
cysteine, was measured in a kinetic study by Kupchan et al. in aqueous phosphate buffer (pH =
7.4, Scheme 1.2).%° The reaction with lysine formed less than 25% of an adduct after 6 d at rt,
while cysteine reacted with the a-methylene-y-lactone moiety of these compounds to form thiol
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adducts within minutes. The second order rate constant for addition of cysteine to the exocyclic a-
methylene-y-lactone of elephantopin (1.43) was 2600 M 'min"! while addition to the acyclic
methacrylate of 1.46 to form 1.47 was about 26 times slower with a rate constant of 100 M'min
!. The rate constant for cysteine addition to eupatundin (1.44) was 2500 M 'min’!, while vernolepin

(1.45) reacted the fastest with cysteine with a rate constant of 12000 M 'min™!.
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Scheme 1.2. Cysteine adduct formation with a-methylene-y-lactone natural products.
Helenalin (1.50) is a natural product containing a cyclopentenone and an exocyclic a-
methylene-y-lactone, which reacts with biological thiols cysteine and glutathione (GSH).

Characterization of the thiol adducts of helenalin (1.51-1.52) by NMR showed that GSH addition
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preferentially occurred at the cyclopentenone, while cysteine addition occurred at the a-methylene-
y-lactone when a single equivalent of thiol was added (Scheme 1.3).°" When excess glutathione
or cysteine was reacted with helenalin (1.50), addition to both Michael acceptors was observed.
The rate of glutathione addition to the cyclopentenone was found to be about 10-fold faster than
the rate of glutathione addition to the a-methylene-y-lactone (0.08 M 'min! compared to 0.008 M-
'min). Cysteine addition to helenalin (1.50) added to the o-methylene-y-lactone in less than 5
min, while requiring approximately 17 hours to completely react with the cyclopentenone. The
rate of glutathione addition to related pseudoguaianolide compounds showed a dependency on the

pH, where the rate increased at a more basic pH, as would be expected.®?

HOzC)\/\n/\i/U\/\ COH
/

Glutathione (GSH)

-
v

pH = 7.4 Phosphate
buffer

1.50: Helenalin Cysteine

CO,H

Scheme 1.3. Chemoselectivity of glutathione and cysteine addition to helenalin.
The thiol reactivity of a-methylene-y-lactones has been demonstrated for a variety of
complex natural products, and the rates of thiol addition have been compared to other Michael

acceptors such as enones or a,f-unsaturated esters. The rate of thiol addition was sensitive to the
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pH of a solution as well as the structure of the thiol used. Although the thiol reactivity of a-

methylene-y-lactones has been studied, little is known about the isosteric a-methylene-y-lactams.

1.2.3. Thiol Reactivity of a-Methylene-y-lactams

The thiol reactivity of o-methylene-y-lactams or 3-methylenepyrrolidin-2-ones is not well
documented, especially compared the reactivity of a-methylene-y-lactones. In general, o-
methylene lactams are less reactive towards thiols than the corresponding lactones and formation
of the thiol adducts usually requires more forcing conditions.®!*> For example, a-methylene-y-
lactam 1.53 required thioacetic acid solvent and heating to 50 °C to obtain adduct 1.54 in 58%
yield;® for lactams 1.55, 1.56, and oxindole 1.57, thiols were used in excess, and base additives
were needed to effect thiol addition in good yields (Scheme 1.4).81"% For oxindole 1.58, thiol
addition occurred with an acidic pH between 5 and 5.5 to give adduct 1.63 in 93% yield (based on

GSH).®
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o (0.8 equiv) o
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1.58 1.63, 93%

Scheme 1.4. Thiol adduct formation with a-methylene-y-lactams and oxindoles.

Although a-methylene-y-lactams are less susceptible to thiol addition than the isosteric a-
methylene-y-lactones, it is clear from the limited available data that more work is needed to better

understand the thiol reactivity of a-methylene-y-lactams.

1.2.4. Thiol Reactivity and Biological Activity of Macrocyclic a-Methylene Lactams

Although a-methylene-y-lactams are relatively uncommon in natural products, macrocyclic a-

methylene lactams are present in natural products such as the microcystins and rakicidin A. The
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thiol reactivity and biological activity of macrocyclic a-methylene lactams are presented in this
section to provide insight into the thiol reactivity of a-methylene-y-lactams.

Microcystins are heptapeptides containing a dehydroalanine moiety, one member from this
class of compounds, 1.64, is depicted in Figure 1.10. Microcystins have been reported to form
covalent bonds with noncatalytic cysteine residues in serine/threonine phosphatases (PP1 and
PP2A).% Moreover, GSH and cysteine have both been shown to add to the exocyclic double bond
of the unsaturated amide of microcystins; these thiol adducts were tested and showed an
approximate 8-fold reduction in LDsy values compared to unconjugated microcystins in mice.®’
Mutation studies involving the conversion of Cys273 to alanine resulted in the inability of
microcystin LR 1.64 to form a covalent adduct, but the inhibition of C273A mutant PP1 by 1.64
was not significantly affected, suggesting that there is considerable noncovalent affinity of

microcystin LR 1.64 for PP1. Covalent targeting by macrocycle 1.64 was further confirmed by a

co-crystal structure of the compound covalently bound to Cys273 of PP1.38-%

1.64 }/—NHz

Microcystin-LR HN

Figure 1.10. Example of a microcystin.
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Rakicidin A (1.65) shows cytotoxicity against some cancer cell lines and contains a 4-
amido-2,4-pentadienoate moiety that is critical for bioactivity (Scheme 1.5). An analog of
Rakicidin A 1.66 was prepared and shown to form adduct 1.67 with methyl thioglycolate through
1,6-addition.”® When monitoring the reaction by '"H NMR, a different thiol adduct was the major
product detected after 24 h, but this compound could not be isolated and only adduct 1.67 was
detected after a longer reaction time of 72 h. The initial adduct formed was proposed to arise from
thiol addition to the y carbon, which could occur via 1,4-addition of methyl thioglycolate to the
acyl-imine tautomer of Rakicidin A analog 1.66.

5 S._-CO,Me
B s
o | M Z NH
‘o HS” >CO,Me o

MeN —————> MeN
W ' O N
0" "R'  DMSO-dg, rt k( oV R

HN/,,I/go HN"'I/go

R

R
R = R' = 1.67:R=R'=H
i 10

HO” “YCONH,

1.65: Rakicidin A
1.66: R = R' = H Rakicidin A analog

Scheme 1.5. Rakicidin A and analog: a 1,6-addition product with methyl thioglycolate.

Thiol adduct formation to macrocyclic a-methylene lactams occurs with both small
molecule thiols as well as cysteines in proteins. Although microcystin LR showed covalent bond
formation to Cys273 in a co-crystal structure, the inhibition of a C273A mutant of PP1 by
microcystin LR was only minimally affected, suggesting that noncovalent binding between the

macrocycle and PP1 promotes covalent bond formation.
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1.2.5. Thiol Reactivity of Acrylamides

The thiol reactivity of acrylamides has been studied due to their incorporation into targeted
covalent modifiers as discussed in section 1.1. Examples that show the various effects of the
nitrogen substituent and substituents at the a and/or B-positions of acrylamides are presented in
this section. It is hypothesized that a-methylene-y-lactams should display similar reactivities to
acrylamides. Generally, acrylamides are weakly electrophilic and relatively unreactive towards
thiols. These acyclic a,B-unsaturated amides are similar in electrophilic reactivity to a-methylene-
v-lactams. However, there are exceptions and these include the placement of an additional electron
withdrawing group at the o position of the acrylamide.’® The relative thiol reactivities of
acrylamides possessing different substituents were compared in a competition assay with a limiting
amount of GSH.'3" Two acrylamides (2.5 mM of each) were reacted with GSH (1.25 mM) in a
THF-H20-MeOH mixture at rt for 20-24 h and the amount of adduct formation was calculated by
integration of HPLC peaks. These conditions were chosen to give low conversion to GSH adducts
so that the ratios of GSH adducts formed would reflect kinetic control. The Lewis basic
aminomethylene group of 1.69 afforded more of the GSH adduct relative to acrylamide 1.68 (entry
1, Table 1.3A). B-Morpholinomethylene 1.77 afforded less of a GSH adduct than an N,N
dimethylaminomethylene 1.69 (entry 2). Competition experiments between acrylamide 1.69 and
propynamide 1.71 showed the acrylamide to be more reactive towards GSH (entry 3). Methyl
substituted propynamide 1.73 is more reactive than B-methyl acrylamide 1.72 (entry 4 ).!%1°
However, acrylamide 1.68 is more reactive than a methyl substituted propynamide 1.73 (entry 5).
The morpholinomethylene group at the o position of the acrylamide 1.74 is more reactive than [3-

morpholinomethylene acrylamide 1.70 (entry 6).'*!° Comparison of cis 1.75 and trans 1.72 B-
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methyl substituted acrylamides shows no difference in reactivity as equal amounts of each GSH
adduct was formed (entry 7). Isomerization of cis acrylamide 1.75 to the trans isomer under the
reaction conditions is possible. For unreactive samples, excess base (diisopropylamine or
triethylamine) was added to the reaction mixture to promote GSH adduct formation (entries 4, 5,
and 7, Table 1). Utilizing a different heterocyclic scaffold, f-methyl substituted acrylamide 1.76
showed no reactivity with glutathione whereas 1.77 possessing a N,N-dimethylmethanamine at the
B position showed increased reactivity (entry 1, Table 1.3B). The authors initially proposed that
under aqueous conditions, the dimethylamino group would exist primarily in its protonated form,
which would lead to an increase in the electrophilicity of the Michael acceptor through induction.
However, this hypothesis was revised because inhibitor 1.78 bearing a trimethylmethanium ion
did not react with GSH, therefore it was proposed that an intramolecular base catalysis is operating

to increase the reactivity of GSH (entries 2 and 3).!8-1
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Table 1.3. Kinetic competition experiments between acrylamides and GSH.

§ R N
R,N\©\)§N —GSH > W \)N
THF-H,0
P SG O P~
N) MeOH N
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HN Cl

N CN GSH : N SN
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_ SG O P
EtO N MeOH

THF-H,0
EtO N
Entry R (A) R (B) %" Entry R (A) R (B) %
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A B A B
1 = N 2 23 1 = N 0 10
2 = = 17 0 2 = N~ 0 0
Me,N N Me;N
3 /\/\n)\ MezN/\‘)\ 33 8 3 7 +/\/\n)\ 15 0
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o ]
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N
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1

1720

8° 8°

a) Two inhibitors (2.5 mM each) were allowed to react with a limiting quantity of GSH (1.25 mM),
20-24 h, rt; b) 12 equiv diisopropylethylamine were added; ¢) 1000 equiv triethylamine were added

Recently, scientists at Amgen examined the GSH reactivity of a series of arylacrylamides

with the structure of 1.79 (Scheme 1.6).°! In their study, 34 N-arylacrylamides were incubated with

a large excess of GSH at 37 °C in buffer (pH = 7.4) containing 1-1.5% DMSO. The progress of

the reactions was monitored by LC-MS. The consumption of the acrylamide was determined by

MS (using the total ion current) where the ratio of acrylamide to internal standard decreased over

time.”? The relative rates of GSH addition to N-arylacrylamides are arranged in decreasing order

in Scheme 1.6 and range from 2.03 x 107 min™ (ti2 = 343 min) for the slowest reacting p-
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methoxyphenyl acrylamide to 115 x 10~ min™! (t;2 = 6 min) for the fastest reacting o-nitrophenyl
acrylamide. Substitution of the aryl ring of N-arylacrylamides at the ortho and para positions
impacted the reaction rate more than substituents at the meta position.’! Additionally, some
substituents had different effects depending on their position on the ring. For example, the methyl
ester increased the rate of thiol addition when it was at the ortho or para positions due to resonance.
However, when the methyl ester was in the meta position, this ester had the same effect as a
methoxy group. These rates showed correlation to the chemical shifts of Hg1 and Cg, as well as

calculated kinetic reaction barriers, where downfield chemical shifts corresponded to increased

rates of GSH addition.
H o /@x GSH (5 mM) /\)CJ’\ /@x
C ~ >
Hpr™ B\)LN pH=7.4 GS H
H 1-1.5% DMSO
1.79, 1 uM 37 °C 1.80

ortho X = NO, > CN > CO,Me > Cl > CF3; > SMe > NMe, > F > H > OMe > Ph > Me
meta X = NO, > CN > CF5 > Cl > F > SMe > Ph > CO,Me = OMe > NMe, > H > Me
para X = NO, > CN > CO,Me > CF3 > Cl > Ph > SMe > F > H > NMe, > Me > OMe

Scheme 1.6. Relative rates of GSH addition to N-arylacrylamides.

Similarly, scientists at Pfizer studied a more diverse set of acrylamides substituted with N-
aryl, N-alkyl, and/or substituents at the o or B position of the double bond (Table 1.4).°* The
acrylamide was incubated with 10 equivalents of GSH in buffer (pH = 7.4) containing 10%
acetonitrile at 37 °C using either LC-MS or 'H NMR to measure the consumption of the
acrylamide. The researchers found that the rate of GSH addition using 10% dimethylacetamide in
buffer (pH of 7.4) was slower than the rate measured using 10% acetonitrile as the cosolvent for

five samples tested.” This is just one example of how experimental conditions can influence the
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rates of reactions, making direct comparisons between different studies difficult. The most reactive
acrylamides 1.81-1.85 had no substitution at the a or f carbon and were N-substituted with aryl or
heteroaryl groups (entries 1-5, Table 1.4). Substitution of the  carbon with a trifluoromethyl group
1.86 increased reactivity relative to the unsubstituted acrylamide 1.89 (compare entries 6 and 9).
Alkyl substitution at the a or B carbons greatly reduced reactivity, but some reactivity was regained
with certain B-aminomethyl substituents (compare entries 12 and 14 to entries 15-21).%* The half-
lives of three nonreactive acrylamides 1.95-1.97 were measured at a higher temperature (60 °C);
the half-life of cyclobutene containing acrylamide 1.95 decreased to 20 h (versus > 60 h at 37 °C),
while a-methyl acrylamide 1.96 and cyclopentene containing acrylamide 1.97 were still
nonreactive (entries 15-17).

The thiol reactivity of acrylamides can be tuned by changing the substituents on the
nitrogen atom of the acrylamide or by changing the o or 3 substituents of the alkene. For example,
N-aryl acrylamides react with thiols faster than N-alkyl acrylamides; electron-donating aryl groups
on the nitrogen slow the hetero-Michael addition reaction of thiols relative to electron-withdrawing
aryl groups as one might expect. Alkyl substituents at the o or 3 position of a,-unsaturated amides
slow thiol adduct formation, but B-aminomethylene substituents increase the rate of thiol addition

relative to alkyl substitution.
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Table 1.4. Half-lives for the reaction of various acrylamides with GSH.

O 0]
GSH (10 mM)
\)LI}I'R oH=74 > GS/\)]\I}I'R
R' 37 °C R’
1 mM 10% MeCN
Reactive tip <8 h Mildly Reactive tip=15-41h Non-Reactive ti» > 60 h
Entry  Acrylamide ti2  Entry Acrylamide tiz  Entry  Acrylamide ti2
(b (h)* (b
1 Ho 0.13 8 H ( j 15 15 > 60
z A N b
1.;\!)]/ l_ /\9,/1.33 20
2 H CN 0.44 9 H 17 16 > 60
7 A NS
R0l Wl _ /58"
3 i 0.88 10 25 17 > 60
/\H/NO /\Ir“VQ\OMe % /
183 O o 1.90
>60°
4 N ome 1.6 11 g\ 27 18 > 60
z N ~
1.91
5 | 3.5 12 H 28 19 > 60
%\H/N\© (\N/\/\n, ~ \/\n/
1.85 O o J192 o 1.99
6 Feo~ N, 40 13 33 20 P > 60
1.86 \/\g/ 1.§T© \/\[r
H
7 _ D_OH 8.0 14 C,"/\/\H/N\ 41 21 > 60
1.870 194 0

b) Half-lives (t12) of acrylamides (1 mM) when reacted with GSH (10 mM) at pH = 7.4 at 37 °C

with 10% MeCN. b) ti2 measured at 60 °C.*

Another method for tuning the reactivity of Michael acceptors is by placing two electron-

withdrawing groups at the a-position, which generates Michael acceptors that easily undergo the

reverse Michael reaction to regenerate the original Michael acceptor. Covalent inhibitors that form

reversible, covalent adducts could offer advantages over irreversible inhibitors because they can

have similar effects on the selectivity and potency with less potential for off-target side effects.”

Taunton's lab has demonstrated the tunability of acrylonitrile Michael acceptors by changing the

32



a-substituent to various electron withdrawing substituents and showed that thiol addition to the
acrylonitriles was highly sensitive to the strength of the electron withdrawing a-substituent.>%>! %4
The tunable electrophilicity of acrylamides by changing the nitrogen substituent to

electronically diverse substituents have been demonstrated. a-Methylene-y-lactams should be

similarly tunable through modifications to the lactam nitrogen.

1.3. ISOSTERIC REPLACEMENT OF LACTONES WITH LACTAMS IN NATURAL

PRODUCTS: BIOLOGICAL STABILITY, ACTIVITY, AND THIOL REACTIVITY

Macrocyclic lactams are more stable to hydrolysis and esterase cleavage than the corresponding
lactones. This has led to the preparation of various lactam analogs (or aza-analogs) of lactone
natural products.”**® Generally, these lactam analogs have been prepared to increase the biological
stability of compounds, but in a few cases electrophilic Michael acceptors (such as enones) have
been replaced by less electrophilic unsaturated amides. This section contains natural product,
macrocyclic lactones for which lactam analogs have been prepared. Additionally, the replacement
of electrophilic enones and lactones with less reactive, unsaturated amides and comparisons of
thiol reactivity are presented.

The most notable example of lactone to lactam replacement in macrocycles is the lactam
analog of epothilone B 1.102 (ixabepilone, 1.103), which was synthesized at Bristol-Myers
Squibb. Ixabepilone (1.103) was nearly as cytotoxic as the parent compound with an ICso value of
3.6 nM while the lactone natural product 1.102 had an ICso of 0.42 nM. Ixabepilone (1.103) was
more stable to esterase cleavage and was approved by the FDA in 2007 for the treatment of breast

cancer (Figure 1.11).%-1%
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1.103: X = NH, Ixabepilone

Figure 1.11. Epothilone B and lactam analog ixabepilone.

Lactam analogs of artemisinin (1.104) were prepared and showed similar activity for
inhibition of a chloroquine resistant strain of Plasmodium falciparum (the parasite that causes

malaria), however, compounds 1.107 and 1.108 were 9-fold and 22-fold more potent than

97

artemisinin (1.104) for inhibition of P. falciparum.

1.104: X = O, Artemisinin
1.105: X = NH

1.106: X = N-allyl

1.107: X = N-isobutyl
1.108: X = NBn

1.109

Figure 1.12. Artemisinin and lactam analogs.

Sarcophine (1.110) displays anticancer and antidepressant activities, but the lactam analogs

1.111-1.112 did not show significant cytotoxicity in several cell lines. Sarcophine (1.110) and the

lactam analogs 1.111-1.112 all showed weak antimalarial activity (the highest activity was an ICs
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of 529-4100 ng/mL compared to artemisinin (1.104) which has an ICso of 13 ng/mL against

Plasmodium falciparum).'*!

1.110: X = O, Sarcophine
1.111: X =NBn
1.112: X = NEt

Figure 1.13. Sarcophine and y-lactam analogs.

Macrosphelides (1.113-1.114) are a class of macrocyclic lactones that are under
investigation as anticancer drug leads (Figure 1.14).!%? The lactam analogs of the macrosphelides
varied in their ability to induce apoptosis, with N-unsubstituted lactam 1.116 having no activity,
while the activity of the N-phenyl lactam 1.117 was comparable to that of lactone 1.115.1% N-
benzyl lactam 1.118 was the most active compound tested (about 2-fold more active than lactone
1.115), inducing early apoptosis in 43% of human lymphoma cells (U937) at a 10 pM

concentration.
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1.114: Macrosphelide B 1.115: synthetic lactone
derivative

1.116

|
1.117 oy,

Figure 1.14. Macrosphelide natural products and lactam analogs.

Salicylhalamide A (1.119) is an antitumor compound that inhibits mammalian vacuolar-
type (H")-ATPase inhibitor containing a 12-membered macrolide (Figure 1.15).”® Lactam analog
1.121 showed growth inhibition of 5-cancer cell lines with ICso values from 117-506 nm.
Similarly, a lactam analog of natural product (-)-A26771B (1.122) shows moderate antibiotic
activity and improved pharmacokinetic properties, such as maintaining antibacterial activity when
human serum was added to the culture media.'® The minimum inhibitory concentration (MIC) for
lactone 1.122 was 2-16 pg/mL while lactam 1.123 was 5-10-fold more active against most strains
of bacteria and even showed activity against 2 strains that were not inhibited by the natural product

1.122.
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1.119: X = O, R' = OH, R? = Me, Salicylihalamide A
1.120: X=0,R'"=R?=H
1.121: X = NH, R" = R? = H, aza-Salicylihalamide A

Figure 1.15. Salicylihalamide A and A26771B with lactam analogs.

Lactam analogs of other natural products that were prepared in order to increase the
metabolic stability and/or improve the biological activity compared to the isosteric lactones
include (-)-galiellalactone, brefeldin C, and a number of gangliosides represented by GD3 lactam,
but biological data for these lactams was not reported.” 1>-1% In addition to hydrolytic stability,
amides or lactams have been incorporated into natural products to reduce the electrophilic
reactivity of enones or a-methylene-y-lactones.

Resorcylic acid lactones (RALs), such as hypothemycin (1.124), are a family of
benzannulated macrolides with a 12- or 14-member macrolactone and many contain a cis-enone.
RALs have demonstrated numerous biological properties including antifungal, antibiotic,
antitumor, and antiviral activities by inhibiting heat shock protein 90 (HSP90), mitogen activated
protein kinases (MAPKSs), herpes simplex virus 1 (HSV1) and the NF-xB pathway (Figure
1.16).1971% The cis-enone functionality of many RALs leads to irreversible inhibition of a subset
of kinases by hetero-Michael addition of a conserved cysteine located in the ATP binding pocket;
studies with hypothemycin (1.124) have shown ATP-competitive, time-dependent inhibition of
these kinases.!!%!!"! The kinaet/Ki of hypothemycin (1.124) ranges from 160-120,000 M!s™! for

various kinases and reacts much slower with small molecule thiols B-mercaptoethanol and
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glutathione displaying second order rate constants (k2) of 3.6 and 6.6 M!s™!, respectively, thus
showing that reactions with kinase targets are faster than the reaction with free thiols.!!!

The related enone natural product LL-Z1640-2 (1.126) forms adducts with dithiothreitol
(DTT).!'2 The design of lactam analogs of resorcylic acid lactones, which are known to react with
thiols, by replacing an enone in the 14-membered ring with an o,B-unsaturated amide demonstrated
the tunability of this functionality.!'® The enone natural product L-783,277 (1.125) and the
isosteric lactam with N-acetyl (1.128) substitution both form thiol adducts with cysteamine in
DMSO-ds, as monitored by 'H NMR, and they show similar inhibition of mitogen-activated
protein kinase interacting kinase 1 and 2 (MNK1/2) in enzymatic assays. The ICso of enone 1.125
was 0.33 uM for inhibition of MNK1 and 0.061 uM for inhibition of MNK?2, while the N-acetyl
lactam 1.128 inhibited MNK1 and 2 with ICso values of 1.3 and 8.9 uM, respectively. The N-
unsubstituted lactam 1.127 failed to react with thiols and showed weak inhibition of MNK1 (ICsq
> 50 uM) and MNK2 (ICso = 41.7uM).!"* The growth inhibition of MDAMB435s breast cancer

cells was also similar for natural product 1.125 (Glso = 7.5 uM) and the corresponding N-acetyl

lactam 1.128 (Glso = 8.5 uM).
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Figure 1.16. Natural product resorcylic acid lactones tunable lactam analog.

Although the replacement of macrocyclic lactones in natural products with lactams to
increase their stability to hydrolysis is a known strategy, the replacement of lactone Michael
acceptors 1s less common, and replacement of an a-methylene-y-lactone with an a-methylene-y-
lactam is even more rare. One example of this replacement is a lactam-containing parthenolide
analog 1.131, which had no anticancer activity, despite parthenolide (1.23) being cytotoxic to
cancer cells in the low micromolar range when tested in 6 different cancer cell lines (Figure

1.17).114

0]

1.23: X = O, parthenolide
IC50 =2.1-5.0 uM

1.131: X = NH, lactam analog
|C50 > 50 HM

Figure 1.17. Parthenolide and lactam analog.
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Strigolactones are phytohormones with potential activity as seed germination stimulators
and plant growth regulators. Synthetic strigolactone GR-24 (1.132) is commonly employed in
plant studies (Scheme 1.7).!" Lactone 1.132 reacts with benzyl thiol preferably at the o-
methylene-y-lactone to form 1.133 in 50% conversion after 3 h; 1.134, arising from addition of
benzyl thiol to the butenolide ring, was not observed. Lactam analog 1.135 showed the opposite
regiochemistry when reacted under identical conditions with benzyl thiol.!'> In this case, only
addition of benzyl thiol to the butenolide ring to form 1.136 was observed, highlighting the reduced
electrophilicity of a-methylene-y-lactams compared to a-methylene-y-lactones. Lactam 1.135 was
more potent for induction of seed germination than lactone 1.132 (a dose of 0.0001 mg/L of 1.135
gave a 92.6% germination while the same dose of 1.132 gave only a 24.6 germination).
Additionally, seed germination was impacted by the stereochemistry of the vinyl ether group,
where a lactam with the opposite stereochemistry of 1.135 at the vinyl ether was completely

inactive at all concentrations tested.
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Scheme 1.7. Thiol additions to synthetic strigolactone and strigolactam.

The isosteric replacement of lactones with lactams has been demonstrated to improve

hydrolytic stability of macrocycles and reduce the electrophilic reactivity of a-methylene-y-

lactones.

1.4. CONCLUSION

The recent approval of several covalent drugs and the success of targeted covalent inhibitors for

enhancing the ligand binding selectivity for structurally related proteins, increasing the binding

affinity for proteins with shallow binding sites, and the ability to overcome drug resistance has led
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to a renewed interest in covalent drug design. When considering a,-unsaturated carbonyls in the
design of covalent inhibitors, it is important to understand the factors that govern their ability to
form adducts with thiols, especially under biologically relevant conditions (pH = 6-8). Thiol adduct
formation is one of the major pathways for covalent inhibition of proteins and is also a major
pathway for covalent inhibitor deactivation when adducts are formed with free cellular thiols such
as GSH. The ability to tune the electrophilicity of a,B-unsaturated carbonyls through careful
selection of the type of carbonyl and selective modifications to the surrounding structure plays an
important role in the future of covalent inhibitor design in order to maximize selectivity and
efficacy for a desired protein. The factors that govern the reversibility of thiol adduct formation is
another important consideration, since rapidly reversible covalent bonds offer a strong interaction
that complements the typical noncovalent interactions used in the design of reversible inhibitors.
To summarize, the rate of thiol addition to a,B-unsaturated carbonyls, under biologically relevant
conditions, decreases in the order of enals > enones > a,-unsaturated esters > acrylamides > a,f3-
unsaturated carboxylic acids.!'¢ However, substituents at the o or B positions of a Michael acceptor
can greatly influence the rate of thiol addition. Electron donating groups such as alkyl or electron
rich aryl groups at the a or P position significantly reduce the rate of thiol addition relative to
unsubstituted Michael acceptors. Electron withdrawing groups at the a position increase the rate
of hetero-Michael addition, but also make the resulting adducts more prone to the reverse Michael
reaction.

The reduction in thiol reactivity of a-methylene-y-lactams compared to isosteric lactones
is generally accompanied by a reduction in toxicity. However, in some cases, the bioactivity for a
specific target or pathway is maintained by lactam isosteres of lactones. The tunability of the

electrophilic reactivity of acrylamides and the increased stability of lactams compared to lactones
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in biological systems led to the hypothesis that a-methylene-y-lactams could serve as tunable
isosteres for a-methylene-y-lactones in guaianolide natural products. These lactams would have
tunable electrophilicity by changing the substituent on the lactam nitrogen. Guaianolides are a
large class of sesquiterpene lactones possessing a range of biological properties; many
guaianolides contain an electrophilic a-methylene-y-lactone which is often important for the
observed bioactivity.?*?* Our lab has previously shown that the allenic Pauson-Khand reaction of
allene-ynes tethered by an a-methylene-y-lactone can form the [5,7,5]-fused ring system of
guaianolides.!!”"!® Thus, methods to synthesize a-methylene-y-lactams in order to prepare lactam-

containing guaianolide analogs were examined.
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2.0. METHODS OF o-METHYLENE-y-LACTAM SYNTHESIS

2.1. INTRODUCTION

a-Methylene-y-lactams are uncommon in natural products and bioactive compounds, but they have
been used as synthetic intermediates towards y-lactam-containing natural products and pyrolidine-
containing alkaloids. Some notable examples include the synthesis of isocynometrine (2.2) from
2.1,'" salinosporamide (2.4) from 2.3,'?° kainic acid (2.6) from 2.5,'?! jamtine (2.8) from 2.7,'%?
and the tricyclic core 2.10 of daphnilongeranin B (2.11) from 2.9 (Scheme 2.1).!?* The use of a-
methylene-y-lactams as synthetic intermediates towards natural products and a growing interest in
their biological activity has led to the development of various synthetic methods to access this

structure.
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29 2.10 2.11: Daphnilongeranin B

Scheme 2.1. a-Methylene-y-lactams as synthetic intermediates.

There are a number of methods to synthesize a-methylene-y-lactams such as: a)
intramolecular Baylis-Hillman reactions (section. 2.2), b) the addition of nitro compounds to
Baylis Hillman alcohols, acetates, or allylbromides followed by reduction of the nitro group to an
amine and subsequent cyclization (section 2.2), ¢) addition of allyl metal reagents (formed by the
insertion of a metal into an allyl bromine bond) that react with imines (section 2.3), d) reaction of
allylboronates with imines (section 2.3), e) reactions of a-dialkoxyphosphoryl lactams with
aldehydes (section 2.4), f) conversion of a-unsubstituted-y-lactams to the a-methylene-y-lactams
(section 2.5), g) radical cyclizations and other reactions (section 2.6). A 2011 review by Janecki

and coworkers summarizes methods to access a-methylene and a-alkylidene lactams and lactones;

45



the major methods to synthesize a-methylene-y-lactams are summarized in Scheme 2.1, and the

advantages and disadvantages to each of these methods is discussed in this chapter.®’

R’ =H or Ac
OR7 0

\
Py
)
b

Figure 2.1. Summary of methods to form a-methylene or a-alkylidene-y-lactams.

2.2. SYNTHESIS OF o-METHYLENE-y-LACTAMS USING MORITA-BAYLIS-

HILLMAN REACTIONS

Intramolecular Morita-Baylis-Hillman reactions of B-oxoacrylamides with aldehydes or ketones
are one method for the synthesis of a-methylene-y-lactams. For example, the reaction of 2.12
produces lactam 2.13 in 52-88% yield (Scheme 2.2).!?*12% Corey and coworkers have shown this

method to be applicable to functionally dense precursors by the conversion of 2.14 to 2.15 in 90%
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yield which was ultimately transformed into salinosporamide A (2.4).'?° The advantages of this
method are the mild conditions to perform the Baylis-Hillman cyclization and the
diastereoselectivity achievable with chiral bases (although this can be substrate dependent). The
disadvantages are the long reaction times required and the potentially difficult synthesis of -

oxoacrylamides with the desired functionality.

(0]
0]
Ar\NJ\/ DABCO
> Ar<
R tBUOH, reflux (R = H) N
or OH
() 1,4-dioxane/water (1:1) R
212 (R =Me, Ar) 65 °C 2.13, 52-88%
(0] (0] //CI
PMB. Z Quinuclidine W
Bno_ N > —
\...)Y DME, 0 °C, 5 H T
o B
MeO,C I 7 d, 90% HO Y’
(0]

214 2.4: Salinosporamide A

Scheme 2.2. Intramolecular Morita-Baylis-Hillman reactions to form a-methylene-y-lactams.

A related method for the synthesis of a-methylene-y-lactams is the intermolecular Morita-
Baylis-Hillman reaction with nitro compounds or a-diester amides followed by cyclization of the
resulting adducts. Nucleophilic addition of acetate 2.16 to nitro compound 2.17 gives adduct 2.18;
reduction of the nitro compound and cyclization gives a-methylene-y-lactams 2.19 in 53-78%
yields (Scheme 2.3).126-127 Alternatively, carbonate protected diethylamino malonate can be added
to the Baylis-Hillman adduct 2.20 which cyclizes following removal of the tert-butoxy carbonyl
(Boc) group to afford lactams 2.21 or 2.22 in various ratios and yields ranging from 76-96%
depending on the aryl substituent; DABCO favors a-methylene-y-lactams 2.21 in good yields but

without stereoselectivity while DIPEA favors formation of arylidene lactams 2.22 in good
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yields.'?® Another synthesis that uses Baylis-Hillman adducts is a multicomponent reaction to form
a-amino nitriles such as 2.23. a-Amino nitriles such as 2.23 were converted to a-methylene-y-

lactams such as 2.24 with a nitrile at the y-position in 52-92% using catalytic DBU.!*

R3_NO, 5 In, HCI, rt, 2 h 7
OAc R3. _NO,
217 or SnCl,*H50, A, 24 h HN
Ar COzMe - COZMe -
DABCO, THF/H,0 Ar or Fe/AcOH, 100 °C, R3
4-6 h 12 h Ar
2.16 2.18: 68-96% 32.19: 53-78%
R® = Me or CO,Et R™=Me or COoEt
1, MeOZCYCOzMe o) o
OBoc NHBoc HN HN _—
CO,Me B-ICD (20 mol%), PhMe, MeO,C MeOLC Ar
Ar 1-3 days, rt o MeO.C  Ar 2
» 2 MeO,C
2. TFA, DCM (one pot) 2.21: 53-83% ee 2.22
220 76-96%, from 1:0 to 0:1
depending on aryl group
Ar = Ph
= 4-C|-C6H4 = 4-Me-CGH4
= 4-F-CGH4 = 2-C|-CGH4
= 4-Br-C6H4 = 2-F-CGH4
)
VR R Ar = Ph R =Ph
DBU (20 19 = -
M\Ar (20 me Aj)> \ =4-Cl-C¢Hy  =4-Me-CgHy =Bn
EtO,C CN MeCN, 30 °C, Ar EN = 2-Napthyl  =3-MeO-CgH; =PMP
12-18 h = 2-Furyl = 2-Br-CgHy4 = 4-CI-CgHy
2.23, 67-96%

2.24,52-92%

Scheme 2.3. Synthesis of a-methylene-y-lactams using Morita-Baylis-Hillman adducts.

The advantage of these methods is the modular installation of substituents at the 3- and y-

positions of the lactam, but in all examples an aryl group is installed at one of these positions which
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limits the substrate scope. Additionally, reduction of the nitro group can require harsh conditions,

while amides result in selectivity problems.

2.3. SYNTHESIS OF o-METHYLENE-y-LACTAMS FROM ALLYLMETAL

REAGENTS (DERIVED FROM ALLYLBROMIDES) OR ALLYLBORONATES

The reaction of allylbromides with indium or zinc forms allylmetal reagents that when reacted with
imines form a-methylene-y-lactams. These reactions generally require substituted imines that
result in N-substituted a-methylene-y-lactams, and they often give alkylidene lactams resulting
from a byproduct.'**!3 For example, N-methyl imine 2.25 reacts with an allylzinc reagent formed
from allylbromide 2.26 to give lactams 2.27-2.29 in a 85% overall yield and 5:1:2 ratio of
2.27:2.28:2.29 (Scheme 2.4).!32 When chiral imine 2.30 was reacted with the same allylzinc

reagent, complete selectivity for the trans lactam afforded 2.31 in 86% yield.

0 0 0
Me\N COZEt zn Me\N Me\N Me\N —
1§ . T
Br THF, t, R
Ph PR Ph PH
2.25 226 2.27, 54% 2.28 11% 2.29, 20%
CO,Et Eto,c  Q Eto,c ¢
RS COEt  Zn S~y Sy
Ph le /=<_ ——>  PH Ph'
THF R
Ph Br PR PH
2.30 2.26 2.31, trans 86%, 1:0 2.32, cis

Scheme 2.4. Allylzinc addition to an imine to form a-methylene-y-lactams.
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In addition to zinc, indium has been reacted with imines 2.33 and bromomethyl acrylic acid

(2.34) to afford y-amino acids 2.35 that were cyclized with dicyclohexyl carbodiimide (DCC) and

4-pyrrolidinopyridine (4-PPY) to form y-substituted a-methylene-y-lactams 2.36 in yields of 32-

49% over 2 steps (Scheme 2.5).!** This reaction resulted in lower yields than the allylmetal

reagents derived from zinc, but carboxylic acids could be used in place of esters.

(0] 1. In, THF, reflux

Nl 2-18 h R
)I HO > NH
R Ph”

Br 2. DCC, 4-PPY (cat.) HO W O
DCM, rt, 20-45 min
2.33 2.34 | 2.35

R = Pr, Bu, Ph, 2-furyl,
= 4-CI-CgH,4, HC=CHPh

R
2.36, 32-49%

Scheme 2.5. Indium promoted addition to imines and cyclization.

Chiral sulfinyl imines 2.37 react with alkoxycarbonyl allylbromides 2.38 to give a-

methylene-y-lactams 2.39 with good yields (51-89%), diastereoselectivities (97:3 to 99:1

trans:cis), and enantioselectivities (92-98% ee, Scheme 2.8).13413% The sulfinyl group was removed

with HCI in dioxane to give N-unsubstituted lactams 2.39. The diastereo- and enantioselectivities

of these reactions is impressive and the tolerance of aryl, alkyl, and alkenyl substituents on the

sulfinyl imine is useful. However, only relatively simple allyl bromides were employed, and it was

anticipated that additional functionality such as an allene or a functional group that could be

converted to an allene would not tolerate these conditions.
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9 R' 1. Zn, LiCl, DMF
.S, rt, 8 h HN
NI /|< Br\)\
J CO,Et S

A

R 2.1 N HCl-dioxane R R'
2,37 2.38 rt, 30 min

R'= H, Me 2.39, 59-89%
R = Ph, 4-MeO-CgHs, 4-Br-CgHg, 4-CF3-CgHs, tra“g;'gg%;f"gg”
= 4-F-CgHs, 2-Me-CgHs, 2-furanyl oYk ee
= CH,CH,CgHs, HC=CHCgHs, ‘Bu

Scheme 2.6. Enantioselective synthesis of a-methylene-y-lactams with chiral sulfinyl imines.

A convenient procedure using 2-alkoxycarbonyl allylboronates for the synthesis of a-
methylene-y-lactams is the 3-component reaction reported by Hall and coworkers.'*¢ In this case,
E-allylboronates 2.40 reacted with in-situ formed imines to give cis-lactams 2.42 selectively while
Z-allylboronates 2.41 provided trans-lactams 2.43 selectively (Scheme 2.7). Most aryl aldehydes
provided the a-methylene-y-lactams in moderate to good yields (> 60%). However, a benzyl and
alkyl aldehyde gave lower yields of 35 and 39% which was attributed to enamine formation under
the basic conditions. Chiral allylboronates such as 2.44 react with imines to form a-methylene-y-
lactams stereoselectively.!?” In these cases, chiral allylboronate 2.44, prepared from the achiral
pinacolboronate, reacted slowly (1-2 weeks) with activated imines 2.45-2.49 to give a-methylene-
y-lactams 2.51-2.55 in moderate to good yields (58-92%) and enantioselectivities greater than 95%
after acidic work-up (Scheme 2.8). Alkyl and benzyl imines 2.45-2.46 required additional stirring
with toluene sulfonic acid to effect lactamization, but silyl imines 2.47-2.49 provided lactams 2.54-

2.55 directly.
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R"CHO
MeO,C O 211 HN
R B~ NH,OH, EtOH SR
~ © 70°C, 4 h R™ R
Rl
‘R = - R" = Ar, alkyl, Bn 35-98%
20 R-ZHR =Me y 242R=H,R = Me
AR ENe R 2.43:R=Me, R' = H

Scheme 2.7. 3-Component reaction between allylboronate, aldehyde, and ammonia.

Ph, / R
“ - R CO,Et
EtOi\/ 9@ + )N| Phie > @\% )\/<

B\O R rt, 1-2 weeks Spp O '\.l *
Rl
244 545:R = CO,EL, R = CgHy, i
2.46: R = CO,Et, R' = CH,-4-OMeCgH,4 2.50
2.47: R = Ph, R' =SiMe3
2.48: R = 3,4,5-OMe-CgH,, R’ =SiMes
2.49: R = 4-CI-CgH,, R' =SiMes
(0]
Hz0+/H,0 2.51: R = CO,Et, R' = CgHyq
— > R'\N\b& 2.52: R = CO,Et, R' = CH,-4-OMeCgH,
2.53:R=Ph,R'=H
R 2.54: R = 3,4,5-OMe- CGHZ, R'=H
R 2.55: R = 4-Cl-CgHy, R' = H

58-92%, >95% ee

Scheme 2.8. Enantioselective lactamization with chiral allylboronates and imines.

The advantages of o-methylene-y-lactam formation from allylboronates is the broad
substrate scope and the ability to enact lactamization enantioselectively with chiral boronates.
This method was selected to form a-methylene-y-lactams with the required functionality to
synthesize guaianolide analogs since similar allylboronates have been utilized in our lab for the
synthesis of guaianolides containing an a-methylene-y-lactone ring.!'”!'® We also envisioned
that once the feasibility of this allylboronate approach was demonstrated, this method would

allow the enantioselective synthesis of lactam-containing guaianolide analogs.
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2.4. USE OF DIALKOXYPHORPHORYL REAGENTS TO INSTALL THE a-

METHYLENE MOIETY

A different approach to a-methylene-y-lactams is through the installation of the a-methylene group
after cyclization. One method to accomplish this is through the synthesis of a-dialkoxyphosphoryl
lactams which can be converted to the a-methylene-y-lactam with base and formaldehyde.’ 76 138
One advantage to this method is the ability to form a-alkylidene lactams using various aldehydes
in addition to a-methylene lactams formed using formaldehyde, but a drawback to this method is
the number of steps involved in the synthesis, including reduction of a nitro group to an amine and
protection/deprotection of the lactam nitrogen. An example of this strategy is the conversion of
dialkoxyphosphoryl lactam 2.56 to a-methylene-y-lactam 2.57 in 52-80% yield using a Horner-

Wadsworth-Emmons reaction with formaldehyde (Scheme 2.9). The poor diastereoselectivity for

cyclization to the lactam is another drawback of this method.

2

A, P(OEt) Ar

RN O HCHO RN\ SO Ar = Ph, 4-Br-CgHy, 4-Me-CgHy
Boc Boc

2.56 2.57

~1:1 dr ~1:1 dr

69-82% 52-80%

Scheme 2.9. Synthesis of a-methylene-y-lactams from dialkoxyphosphoryl reagents.

53



2.5. INSTALLATION OF THE o-METHYLENE MOIETY ON AN a-UNSUBSTITUTED-

v-LACTAM VIA THE LACTAM ENOLATE

The a-methylene group can be installed by amide a-enolate formation, addition to an electrophile,
followed by elimination. Thus, y-lactams unsubstituted at the a-position can be converted to a-
methylene-y-lactams, but tertiary amides and strongly basic conditions are required. The
conversion of (-)-eburnamonine (2.58) from a o-lactam to a-methylene-6-lactam 2.59 proceeded
in 28% yield and is one of the few examples with a functionalized starting material; this strategy
has been applied to a number of other acyclic ketones, lactones, and lactams with yields ranging
from 59-98% in less sterically congested systems (Scheme 2.10).'* The use of Eschenmoser’s salt
to add a-methylene substituents to ketones and lactones is common, but not many examples have
been reported for the a-methylenation of lactams.!** In one example, N-Boc lactam 2.60 is
converted to a-methylene lactam 2.62 in 67% yield over 2-steps.!*! The advantage of this method
is a late stage introduction of the potentially reactive Michael acceptor, but most examples of this

methodology involve relatively unfunctionalized lactams and the yields are only moderate.'4*143
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1. LIHMDS, CF3CO,CH,CFj3,
THF, 0 °C—rt

v

2. (CH,0),,, K,COs,

) H 18-crown-6, benzene, reflux, 6 h
N
2.58: (-)-eburnamonine 2.59, 28%
o LiHMDS, o 0

J_L THF, -7 ° llyl bromid
Boc\N , -18—0 C> Boc~y allyl bromide Boc~
| NMe

- Na,CO3, EtOH,
PR
2.61 rt, 3d 2.62, 62%

+ 2

2.60

Scheme 2.10. Installation of an a-methylene moiety from the enolate of y-lactams.

2.6. CONCLUSION

Radical cyclizations, Wittig olefinations, and intramolecular, palladium-catalyzed cyclizations of
acrylamides and alkenes are three other methods used to form a-methylene-y-lactams, 1% 144-146
The major strategies for the synthesis of a-methylene-y-lactams involve Morita-Baylis-Hillman
reactions, Wittig-type reactions of dialkoxyphosphoryl reagents or addition/elimination
procedures to install the a-methylene subunit, and allylmetal or allylboronate reactions with
imines. The major advantage of reactions with allylzinc and allylboronate reagents is the ability to
enact enantioselective formation of a-methylene-y-lactams through the use of chiral imines or
chiral allylboronates. Our lab has previously demonstrated the utility of allylboronate reactions

with aldehydes for the preparation of a-methylene-y-lactone-tethered allene-ynes which were

transformed into guaianolides via an allenic Pauson-Khand reaction.!!’-!!8 Thus, it was proposed
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that allylboronates with the required functionality could be prepared and reacted with imines

instead of aldehydes to synthesize a-methylene-y-lactam-containing guaianolide analogs.
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3.0. PREPARATION OF LACTAM ANALOGS OF 6,12-GUAIANOLIDES
3.1. INTRODUCTION

Inspired by the ability to tune the electrophilic reactivity of acrylamides towards biothiols and by
the incorporation of an acrylamide motif into three recently FDA-approved targeted covalent
modifiers 1.1-1.3, replacing the a-methylene-y-lactone of the 6,12-guaianolide structure with an
a-methylene-y-lactam was proposed as a method to reduce the indiscriminate reactivity and
increase the relevance of this bioactivity-rich class of sesquiterpene lactones in the drug
discovery process. Lactam isosteres are known to be more stable to esterase hydrolysis than the
corresponding lactones, °% 97-9% 101 103-104 147 ¢ few examples of a-methylene-y-lactone
replacement with an o-methylene-y-lactam have been reported, as discussed in section 1.3.%6 114
As naturally occurring o-methylene-y-lactams are rare, and comparisons of isosteric a-
methylene-y-lactones and lactams reveal the latter to be considerably less toxic, it was
hypothesized that a-methylene-y-lactam isosteres of 6,12-guaianolides would result in less toxic

compounds that would maintain similar bioactivities to their lactone counterparts.® 7!

-

OH O’
\.... \.... A
Ke )\ %‘* )\ %\O
007, 0™ o
@) OH

3.1: 6,12-guaianolide 3.2: Cumambrin A 3.3: Arglabin 3.4: Chinensiolide B 3.5: Eupatochinilide
skeleton VI

Figure 3.1. Examples of 6,12-guaianolides that contain an a-methylene-y-lactones.
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The 6,12-guaianolides represent a class of natural products possessing an angular [5,7,5]-
fused ring system where one of the five-membered rings is a y-lactone (Figure 3.1).2! This
compound class is replete with functionality, which is likely an evolutionary response to enhance
the compounds’ selectivity for specific protein targets.?’ Another well recognized structural feature
of many guaianolides is the methylene group adjacent to the lactone carbonyl, a motif that is
present in 3% of all natural products.?> This moiety can covalently modify proteins, which is one
source of bioactivity associated with compounds possessing it, but the reactivity of the a-
methylene-y-lactone is also blamed for its cytotoxicity. a,f-Unsaturated carbonyl-containing
compounds are often removed from screening libraries due to their perceived indiscriminate
reactivity.'*®1%° However, the recent interest in targeted covalent inhibitors demonstrates that a
better understanding of the mechanisms of action of natural products containing reactive
functionality is needed.

Certain guaianolides, such as cumambrin A (3.2), have been shown to inhibit the p50/p65
transcription factor heterodimer from binding to DNA, the most downstream process in the NF-
kB signaling pathway, by forming a covalent bond between the a-methylene-y-lactone and the
sulthydryl group (Cys-38) of the p65 protein (Figure 3.1).% Inhibition of the NF-«xB (nuclear factor
kB) pathway promotes apoptosis and is frequently overactive in cancer and inflammatory
diseases.?®?” Thus, it represents a desirable drug target (the NF-xB pathway is discussed in more

detail in Section 3.11).
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3.1.1. Synthetic Strategies to Access 6,12-Guaianolides

Naturally occurring, 6,12-guaianolides possess a preponderance of oxygen-containing groups,
multiple stereogenic carbons, and conformationally mobile five- and seven-membered rings that
make stereochemistry difficult to control.2>-?! The challenges of synthesizing these compounds and
their analogs cannot be overstated.?” ! Some common strategies to access the 6,12 guaianolides
are discussed below. In these strategies, the lactone moiety is generally installed at a late stage in
the synthesis due to its reactivity.

Semisynthesis from abundant and/or commercially available natural products, such as
parthenolide (3.6) or a-santonin (3.9), is one method that has been used to synthesize some 6,12-
guaianolides. For example, parthenolide (3.6) was converted to micheliolide (3.7) in 90% yield
using toluene sulfonic acid (Scheme 3.1).!3? This could be further modified with mCPBA and
Martin’s sulfurane to generate arglabin (3.3); a water soluble dimethylamino adduct of arglabin

was 1in clinical trials for cancer treatment.

(@)
p-TSA 1. m-CPBA, 75%
90% 2. Martin's
sulfurane, 67%
3.6: Parthenolide 3.7: Micheliolide 3.8: Arglabin

Scheme 3.1. Semisynthesis of arglabin from parthenolide.

Another semisynthesis procedure uses o-santonin (3.9), which affords the [5,7,5] ring
system 3.10 of 6,12-guaianolides after UV irradiation under acidic conditions (Scheme 3.2).

Examples of guaianolides that have been synthesized by this method in less than 5 synthetic steps
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include achillin,'> estafiatin,'>* and compressanolide.!> In 2017, Baran and coworkers published
an 11-step synthesis of thapsigargin, where irradiation of a more functionalized cross-conjugated
cyclohexenone provided the 5,7-fused ring system of thapsigargin.

Other total syntheses of 6,12-guaianolides have used radical cascades, ring closing
metathesis, and ring expansion to access the 5,7-hydroazulene core of guaianolides, with further
functionalization to install the y-lactone. Examples include the radical cascade of highly
functionalized cyclopentane 3.11 to provide [5,7,5]-ring system 3.12 in 99% yield, which afforded
cladanthiolide (3.13) upon further modification (Scheme 3.2).!°° Ring closing metathesis of
functionalized cyclopentane 3.14 provided 5,7-ring system 3.15 in 88% yield, which was used in
a 42-step total synthesis of thapsigargin (3.16).!%’ Ring expansion of perhydroazulene 3.17
provided the 5,7-fused ring system 3.18 in 74% yield, which was then transformed into estafiatin
(3.19).198 [2 + 2] Cycloaddition of cycloheptatriene 3.20 and ring expansion provided the 5,7-ring
system 3.22 in 52% yield over 3 steps; several more steps provided 6,12-guaianolide 3.23."%° These
methods have primarily been used in target-directed syntheses of one specific natural product and
are not easily adapted to the synthesis of analogs. Additionally, the ring expansion methods have

only been performed on substrates with limited functionality.
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Et,O
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Scheme 3.2. Methods to form 5,7-ring system in the total syntheses of guaianolides.
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The synthetic utility of the allenic Pauson—Khand reaction (APKR) for preparation of the
structurally complex framework of 6,12-guaianolides has been demonstrated by our group in the
past. This strategy involved an early introduction of the a-methylene-y-lactone motif into the
cyclization precursor showcasing the functional group compatibility and mild reaction conditions
used for the APKR process.!!”"!® In these cases, monosubstituted allenes 3.24-3.25 underwent the
APKR with aryl and silyl substituted alkynes to provide [5,7,5]-ring system 3.28-3.29 in good
yields above 90%, while a methyl-substituted and terminal alkyne 3.26-3.27 gave 51 and 67%
yields of APKR products 3.30-3.31 (Scheme 3.3). More oxygenated allene-yne 3.32, containing a
disubstituted allene, provided guaianolide analog 3.33 in 64% yield after the APKR and tert-
butyldiphenylsilyl (TBDPS) removal. Others have shown the extraordinary utility of the APKR
for accessing molecularly complex 5,7-ring systems. Notably, Baran has used the APKR of allene-
yne 3.34 to access 3.35 in multigram quantities; this common intermediate was used in the step-
economical syntheses of both (+)-ingenol 3.36 and (+)-phorbol 3.37 (Scheme 3.4).!6%-162 The
advantages of the APKR include broad substrate compatibility and rapid access to the 5,7,5-ring
system of guaianolides which allows the preparation of various analogs. One disadvantage is that
the allene can be difficult to install in some cases. Additionally, lower yields of the APKR were
observed for substrates with terminal or methyl substituted alkynes and for 1,1-disubstituted

allenes, although this was recently solved by our lab using high dilution conditions.'®?
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Scheme 3.3. Synthesis of guaianolide analogs using an APKR.
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Scheme 3.4. APKR to prepare precursor to ingenol and phorbol.
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3.1.2. Pauson-Khand Reactions with Amide or Lactam Tethers

The utility and functional group compatibility of the allenic Pauson-Khand reaction led to the
hypothesis that an APKR of an a-methylene-y-lactam tethered allene-yne would be a viable route
to guaianolide analogs containing an a-methylene-y-lactam in place of the naturally occurring a-
methylene-y-lactone. Pauson-Khand reactions mediated or catalyzed by dicobalt octacarbonyl
have been performed using amide and lactam tethers, including an APKR to form a 7-membered
ring. In one example, ene-yne 3.38 with an unsaturated y-lactam tether provided [5,6,5]-fused ring
system 3.39 in 74% yield using stoichiometric dicobalt octacarbonyl (Scheme 3.5).!®* Ene-yne
3.40 with an amide tether, provided tetracycle 3.41 in 54% yield under cobalt catalyzed
conditions.'®> Amide rotation likely led to the need for the high temperature in this reaction Cobalt-
mediated APKR of allene-yne 3.42, tethered by a -lactam, provided [4,7,5]-fused tricycle 3.43 in
40% yield after isomerization of the alkene.'®® Although lactams and amides have been used in the
Pauson-Khand reaction and APKR, only tertiary amides and cobalt mediated or catalyzed reactions

have been reported to the best of my knowledge.
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Scheme 3.5. Pauson-Khand reactions with lactam and amide tethers.

Our group has demonstrated that tertiary benzamide or sulfonamide tethered allene-ynes
undergo the rhodium catalyzed APKR in good yields. Benzamide 3.44 provides fused bicycle 3.45
in 78% yield (Scheme 3.6).!%” Sulfonamide 3.46 provides fused 5,7-ring system 3.47 in 96% yield
with complete transfer of chirality from the enantiomerically enriched allene.'®® To my knowledge,
there are no examples of a rhodium-catalyzed, Pauson-Khand reaction with a-methylene-y-lactam
tethers. Indeed, most examples of Pauson-Khand or APKRs with cobalt or rhodium involve tertiary
amides. In the allenic alder-ene reaction of secondary amide 3.48, 6-membered rings such as 3.49
could be formed, albeit at higher temperatures and longer reaction times than the corresponding
benzamides; 7-membered rings were not formed when secondary amide 3.50 was used in this
reaction, despite the successful formation of a 7-membered ring with the corresponding benzamide

(Scheme 3.10).'® This could indicate a potential problem in the APKR with secondary amides as
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rhodium biscarbonyl chloride dimer is used as the catalyst in both reactions, although under the
carbon monoxide atmosphere in APKR, the rhodium will coordinate to an additional molecule of
CO, thus changing the active catalyst. Additionally, it is possible that the secondary amide of 3.50
requires higher temperatures to form the required conformation for cyclization. The mechanisms
for both the allenic alder-ene reaction and the APKR involve formation of a 5-member rhodium
metallacycle 3.53 as a result of oxidative addition of the rhodium catalyst (Scheme 3.8). In the
case of the allenic alder-ene reaction, the rhodium metallacycle undergoes B-hydride elimination
followed by reductive elimination to give the product and regenerate the Rh(I) catalyst. In the
APKR, rhodium metallacycle 3.53 undergoes carbonyl insertion to give 3.54, followed by

reductive elimination to afford 3.55 and regenerate the catalyst.
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Scheme 3.6. APKR with tertiary amide tethers.
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Scheme 3.7. Rhodium catalyzed allenic Alder-ene reactions with secondary amides.
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Scheme 3.8. Mechanism of allenic Pauson-Khand reaction.
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3.1.3. Retrosynthetic Design of a-Methylene-y-lactam Guaianolide Analogs

Based on the success of a-methylene-y-lactone-tethered allene-ynes in the APKR and precedent
for amides or lactams in PK reactions, it was hypothesized that lactam guaianolide isosteres such
as 3.56, could be prepared using an APKR and an early introduction of the a-methylene-y-lactam.
To test this hypothesis, compound 3.56 was envisioned as an initial target with an N-methyl group
to protect the lactam and render the a-methylene group less reactive (Scheme 3.9). In turn, the C-
4 phenyl group serves to lower the volatility of precursors in the early stages of the synthetic
sequence and to provide a compound that could be benchmarked against similar a-methylene-y-
lactones in terms of chemical reactivity, NF-xB pathway inhibition, and cellular toxicity. Working
retrosynthetically, it was predicted that the tricyclic ring system of 3.56 could be obtained from
allene-yne 3.57 using the APKR. It was anticipated that the rate of the formal cycloaddition
reaction would be slower than the corresponding lactone derivative because of the developing A3
interaction between the N-methyl group of the lactam and phenyl groups, an interaction not present
in the lactone-containing systems, but it was predicted that this steric hindrance should not prevent
the APKR from occurring.

The allenyl group of 3.57 should be available from methyl ketone 3.58, using a 3-step
reaction sequence involving Grignard addition of ethynyl magnesium bromide, acetylation of the
tertiary alcohol, and a formal Sn2’ hydride addition with triphenylphosphine copper hydride
hexamer to form the allene.!”® Triphenylphosphine copper hydride hexamer (Stryker’s reagent) is
commonly used for conjugate reductions of a,B-unsaturated ketones and aldehydes.!”! Indeed, the
a-methylene unit of similar a-methylene-y-lactones was reduced to a methyl substituent when

Stryker’s reagent was used to form the allene, thus requiring protection of the a-methylene via
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Michael addition of an amine that was eliminated after allene formation to regenerate the a-
methylene-y-lactone (Dr. Francois Grillet, unpublished data). It was hypothesized that the lower
electrophilicity of a-methylene-y-lactams would lower the propensity for a-methylene reduction
in these systems relative to methylene-y-lactones; conjugate reductions of o,B-unsaturated
aldehydes, ketones, esters, and lactones, have been reported, but not amides or lactams.!”! Finally,
it was proposed that a-methylene-y-lactam 3.58 could be formed using a 3-component reaction
between propynal 3.59, ammonium hydroxide, and allylboronate 3.60 (Scheme 3.11).!3¢ Alkynals
have not been used previously in this 3-component reaction for the preparation of a-methylene-y-
lactams; only aryl and alkyl aldehydes were reported. The requisite allylboronate 3.60 could be
prepared from known alkynoate 3.61 using diisobutylaluminum hydride (DIBALH) and
chloromethylpinacol boronate 3.62 as has been demonstrated by our lab and others to prepare
similar allylboronates.!!7-118: 136137 172 The stereochemistry of the allylboronate controls the
stereochemistry of lactam 3.58, with the Z-isomer providing the trans lactam and the E-isomer
providing the cis lactam (not shown). Thus, this route has the potential to provide access to both
cis and trans lactam isomers. We also envisioned that this strategy could be employed to generate
N-unsubstituted lactams, which could be modified at a late stage in the synthesis to introduce
electronically diverse substituents on the lactam nitrogen through substitution or amide-aryl halide
coupling reactions. Thus, this synthetic approach would provide a method to tune the

electrophilicity of the a-methylene-y-lactam Michael acceptor.!”?
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Scheme 3.9. Retrosynthetic analysis of a-methylene-y-lactam guaianolide analog.

3.2. FEASIBILITY OF ALLENIC PAUSON-KHAND APPROACH TO o-METHYLENE-

v-LACTAM CONTAINING GUAIANOLIDE ISOSTERES

The synthesis of APKR precursor 3.57 began with the preparation of alkynoate 3.61 in 3 steps
from 2,4-pentanedione (3.63) in multi-gram quantities. Alkylation of 2,4-pentanedione was
achieved by refluxing 3.63 with propargyl chloride and potassium carbonate in ethanol for 24 h
(Scheme 3.10). This afforded ketone 3.64 in 49% yield through loss of ethyl acetate. Ketone 3.64
was purified by filtration to remove potassium carbonate, concentration by simple distillation at
atmospheric pressure, and vacuum distillation at 45 mmHg and 90 °C; the spectral data matched
that reported in the literature.!’* Ketone 3.64 was protected as the ketal by treatment with ethylene

glycol and catalytic para-toluene sulfonic acid (pTSA) in refluxing benzene to provide ketal 3.65
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in 71% yield after aqueous work up, concentration by simple distillation at atmospheric pressure,
and vacuum distillation at 30 mmHg and 120 °C. The purified ketal 3.65 contained about 10%
benzene based on integration of the 'H NMR resonance for benzene at 7.19 ppm and the terminal
alkyne resonance at 1.87 ppm.!”> Ketal 3.65 was treated with #-butyllithium at -78 °C to form the
lithium acetylide which was reacted with methyl chloroformate for 3 h at rt to afford alkynoate

3.61 in 72% isolated yield after purification by column chromatography.!’®

6 0 = o} HO(CH),0H [\
o % benzene, reflux o X/\\ >
K,CO3, EtOH , A THF, -78°C—>rt
3.63 reflux, 24h 3.64, 49% 12h 3.65,71% 3h
O\
B [\ [\
/—\ O/ —\Cl 0 e} COzMe o e} COzMe
o. O 3.62 ¥ Z H
MeLi, Cul
X eli Cul H, Bpin Ha
3.6172% COMe DIBALH, HMPA 3.60, 77% 3.66, ~10%

PhMe, -30 °C—t 04 7E ~21 Z:E

Scheme 3.10. Synthesis of 2-alkoxycarbonyl allylboronate.

Alkynoate 3.61 was treated with with DIBALH and chloromethyl pinacolboronate using
the procedure first reported by Vilieras et al., and previously utilized by our group in the synthesis
of a-methylene-y-lactones, to afford allylboronate 3.60 in 77% yield along with 10% of alkene
byproduct 3.66, arising from the quench of the intermediate vinyl aluminum species with a
hydrogen source (Scheme 3.12).117-118- 137 Difficulties were encountered during this reactions, but
we ultimately settled on the following optimized process. This reaction was performed using
catalytic quantities of both copper iodide and methyl lithium (10 mol%) which were stirred at -30

°C for 20 min; hexamethylphosphoramide (HMPA), toluene, and DIBALH (1 M solution in
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hexanes or toluene) were added and stirred for 2 h at -30 °C. A solution of alkynoate 3.61 in toluene
was then added to the DIBALH solution and this was allowed to warm to -20 °C for 5 h.
Chloromethyl pinacolboronate 3.62 dissolved in toluene was added to the alkynoate solution and
the reaction was allowed to warm to rt. After 16 h at rt, the reaction was quenched by dropwise
addition of 1 N HCI after dilution with diethyl ether, followed by sequential washing of the organic
layer with small portions of 1 N HCI, saturated aqueous ammonium bicarbonate, water, and brine.
Removal of the solvent by rotary evaporation followed by filtration of the crude residue through a
plug of silica gel gave allylboronate 3.60 in yields ranging from 40-90%. This reaction was
performed over 10 times and the yields were typically 60-80% with 10-20% of alkene byproduct
3.66, which had the same Z:E ratio as the allylboronate. Additionally, this reaction was performed
on 2-3 g of alkynoate 3.61 with minimal changes in yield or byproduct formation.

Allylboronate 3.60 was obtained as a mixture of isomers in a ratio between 2 and 3 to 1
(Z:E). The ratio was determined by integration of the '"H NMR resonances at 5.92 ppm (Z) and
6.71 ppm (E) corresponding to Ha of 3.60 (Scheme 3.10). The Z and E isomers were identified by
analogy to similar allylboronates formed under the same conditions which reported the E-isomer
as having a chemical shift further downfield than the Z-isomer.!!” 136-137 The ratio of allylboronate
3.60 to alkene 3.66 was determined by the integration of allylboronate proton Ha to the  proton
of the unsaturated alkenes which appeared as a doublet of triplets at 6.98 ppm (E) and 6.26 ppm
(Z). The E and Z isomers were inseparable by flash chromatography. The alkene byproduct 3.66
could be separated from allylboronate 3.60 by chromatography, but allylboronate 3.60 was
unstable when exposed to silica gel for extended periods of time, resulting in decreased yields (20-
40%). Therefore, the mixture of products was filtered through a plug of silica gel and the

allylboronate isomers and alkene byproducts were taken onto the next synthetic step as a mixture.
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As long as the allylboronate contained less than 20% of the alkene byproduct, the yield of the
following lactamization reaction was not affected. If larger amounts of the alkene byproduct were
taken on to the lactamization reaction, it resulted in lower yields and made the lactam difficult to
purify due to the presence of other byproducts.

In order to obtain optimal yields and minimal byproduct formation for this reaction,
chloromethyl pinacolboronate needed to be freshly distilled, even though no change in the 'H
NMR of this compound was detected upon storage. The toluene was also freshly distilled from
calcium hydride, while the HMPA was distilled over calcium hydride with reduced pressure and
then stored over 4 A molecular sieves. It was important to know the exact concentration of
DIBALH; in many cases where significant amounts (>20%) of the alkene byproducts were
obtained, the DIBALH concentration was between 0.6 and 0.8 M, not 1 M as the bottle stated
(determined by titration with p-anisaldehyde using Hoye's no D NMR procedure).!”” This led to
incomplete formation of the allylboronate. However, if excess DIBALH was used, reduction of
the ester to the alcohol was observed as a minor byproduct.

Formation of allylboronates from alkynoates can be performed without catalytic copper
iodide and methyl lithium, but these reactions require longer reaction times.!'® 1”8 The mechanism
for this reaction in the absence of copper iodide and methyl lithium involves a 1,4-conjugate
addition of DIBALH to alkynoate 3.61 to form vinyl aluminum intermediate 3.67, which can
isomerize via allene 3.68 to vinyl aluminum 3.69. '” These two vinyl aluminum species are
trapped with chloromethyl pinacolboronate to give Z-allylboronate 3.60a and E-allylboronate
3.60b as a mixture of Z and E isomers (Scheme 3.11). Copper iodide and methyl lithium form

methyl copper which can activate the DIBALH by formation of a negatively charged aluminum
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species such as 3.70 that then undergoes conjugate reduction to a vinyl aluminum species, but this

mechanism has not been elucidated (Scheme 3.12).!8¢

H AIR
. DIBALH /2 H OMe ——w T fOMe
R—— Cone _ : >:-:‘\‘ —
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Scheme 3.11. Formation of allylboronate via vinyl aluminum intermediates.
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Scheme 3.12. Activation of DIBALH with CuMe.

Chloromethyl pinacolboronate 3.62 was prepared as previously described.!8! A mixture of
trimethyl borate (3.71) and bromochloromethane (3.72) in THF was treated with n-butyllithium at
-78 °C and stirred for 1 h at this temperature (Scheme 3.13). Trimethylsilylchloride (TMSCI) was
added at -78 °C and the reaction was allowed to warm to rt with stirring, then allowed to stand
overnight (16 h) without stirring. Pinacol (3.73) was added at rt, and the reaction was stirred for 1
h, then partitioned between water and ether (1:1). Concentration of the organic layer after drying

over magnesium sulfate gave the crude residue which was purified by fractional distillation at 12
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mmHg and 90-110 °C to afford pure chloromethyl pinacolboronate 3.62. In addition to small
amounts of THF and ether that were not removed by rotary evaporation, the major impurity of the

crude residue was bromobutane which distilled at 12 mmHg and 45-60 °C.

B(OMe)s 1. nBuLi, THF, -78 °C, 1 h

3.71 2. TMSCI, -78 °C—rt, 16 h o,
* 3.3.73,1t, 1 h B\
A~ > o G
Br Cl
3.72 3.62, 62%
HO  OH
3.73

Scheme 3.13. Synthesis of chloromethyl pinacolboronate.

In order to test if propynals were viable substrates for the 3-component lactamization
reaction, phenyl propynal and aqueous ammonia were stirred together in ethanol for 30 minutes,
then an ethanol solution of allylboronate 3.60 (2:1 Z:E) was added and the reaction was stirred for
16 h to provide lactams 3.74a and 3.74b in 47% combined yield, and as a 4:1 trans (3.74a) to cis
(3.74b) isomeric mixture (Scheme 3.14). The lactams could be identified by new methylene
resonances in the 'H NMR spectrum at 6.10 and 5.40 ppm for 3.74a and 3.74b. Broad amide
singlet resonances appeared between 6-7 ppm for the lactams 3.74a,b, and these chemical shifts
changed depending on the concentration of the lactam in the NMR sample. The cis and trans
methylene and amide signals were indistinguishable for trans and cis isomers 3.74a,b. However,
the isomers could be distinguished by the chemical shift of the resonance for the hydrogen attached
to the y-carbon of the lactam ring, labeled Hy, in Scheme 3.15, which appeared as a doublet at 4.2
ppm for trans lactam 3.74a and as a doublet at 4.7 ppm for the cis lactam 3.74b; integration of

these doublets indicated a trans:cis ratio of about 4:1. This three component reaction was originally
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reported by Hall and Elford for aryl or alkyl aldehydes and 2-alkoxycarbonyl allylboronates at 70
°C to afford a-methylene-y-lactams after 4 h (see Section 2.2).”” 136 Propynals are also viable
substrates in this reaction and propynals do not need to be heated for a reaction to occur.”” 13
Indeed, initial attempts to perform this reaction at 70 °C led to significant decomposition of the
starting materials and only small amounts (<20%) of the lactam products were isolated.
Additionally, attempts to perform this reaction with less basic ammonium acetate in place of

ammonium hydroxide did not lead to any product formation.

/o CO,Me
o_ O 2 A\ NH,OH
z /\O 2 > 5
Ph EtOH, rt, 16 h
H, Bpin
3.60, 77% 3.59
~2:1ZE

Scheme 3.14. Three-component reaction to form a-methylene-y-lactams.
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Scheme 3.15. Synthesis of 3-phenyl propynal.

3-Phenyl propynal 3.59 was prepared using 3 different methods. Oxidation of 3-phenyl
propargyl alcohol 3.75 with pyridinium chlorochromate (PCC) gave only 50% of the desired

aldehyde 3.59, and the toxicity of PCC made this route unappealing (Scheme 3.15). Oxidation of
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alcohol 3.75 with manganese dioxide (MnOy) provided 3-phenyl propynal 3.59 in 82% yield when
MnO, was prepared from potassium permanganate and manganese sulfate, but 5-10 equivalents
of MnO; were required for complete oxidation of alcohol 3.75.182 Attempts to oxidize 3.75 with
commercially available MnO» failed to go to completion even when a large excess (20 equiv) of
MnO, was employed. The fastest, highest yielding, and most economical formation of propynals
was achieved using the Bouveault aldehyde synthesis where the lithium acetylide of phenyl
acetylene 3.76 was treated with dimethylformamide followed by an aqueous work-up with
monobasic potassium phosphate to form propynal 3.59 in 92% yield.!3?

With a successful method to synthesize a-methylene-y-lactams containing an alkyne
substituent at the y-position, efforts to install an allene were pursued. Towards this end, trans-
lactam 3.74a was isolated and the lactam nitrogen was blocked by treatment with sodium hydride
and methyl iodide to provide N-methyl lactam 3.77 in 71% yield. The ketal of 3.77 was hydrolyzed
by refluxing with pyridinium para-toluenesulfonate (PPTS) in a 20:1 acetone to water solvent
which afforded ketone 3.78 in 77% yield (Scheme 3.16). Ketone 3.78 was identified by the
appearance of a new carbonyl resonance in the *C NMR at 207.1 ppm and a downfield shift of
the methyl singlet resonance from 1.33 to 2.17 ppm. Treatment of ketone 3.78 with ethynyl
magnesium bromide at 0 °C in THF for 3 h provided tertiary propargyl alcohol 3.79 in 77% yield
as a 1:1 mixture of alcohol diastereomers. The diastereomers were apparent in the '3C NMR
spectrum which showed a 1:1 ratio of peaks for most carbons. The hydroxyl group of 3.79 was
transformed into an acetoxy group by treatment with acetic anhydride, dimethylaminopyridine,
and triethylamine in DCM for 3 h, affording 3.80 in 73% yield. Acetate 3.80 was identified by a
new singlet resonance at 2.03 ppm that integrated for three hydrogens in the '"H NMR and a new

carbonyl resonance at 169.4 ppm of the '>°C NMR. Acetate 3.80 was converted to APKR precursor
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3.57 via a formal Snx2' hydride addition using triphenylphosphine copper hydride hexamer
(Stryker's reagent) in 53% yield. To our delight, the a-methylene group was unaffected by Styker’s
reagent, as was predicted for weakly electrophilic a-methylene-y-lactams. Allene-yne 3.57 was
identified by the terminal allene resonance which appeared as a multiplet at 4.66-4.64 ppm in the
"H NMR and new resonances in the *C NMR at 201.2, 97.7, and 75.2 corresponding to the central
allene carbon, the terminal allene carbon, and the internal allene carbon, respectively. The APKR
was performed by dropwise addition of a toluene solution of allene-yne 3.57 to a dilute solution
of thodium(I) biscarbonyl chloride dimer (10 mol%) in toluene over 1 h at 110 °C under a carbon
monoxide atmosphere.!® After addition of the allene-yne 3.57 was complete, the reaction was
heated for an additional 30 min to afford the desired [5,7,5]-fused tricycle 3.56 in 75% yield, thus
demonstrating that the proposed route to access guaianolide analogs with a lactam replacing a
lactone was achievable. These slow addition conditions have been shown to improve the yield of
the APKR for methyl substituted allenes and alkynes due to a more dilute solution of rhodium

catalyst and allene-ynes.'® This was the first reported APKR with an o-methylene-y-lactam tether.
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Scheme 3.16. Feasibility of allenic cyclocarbonylation approach to guaianolide analogs.

3.3. TRANSITION STATE ANALYSIS FOR LACTAMIZATION REACTION

Hall and Elford reported complete diastereospecificity for conversion of pure Z-crotylboronate
3.83 to trans a-methylene-y-lactam 3.85 and pure E-crotylboronate 3.86 to cis a-methylene-y-
lactam 3.88; they proposed a chair-like transition state 3.84 with the primary aldimine substituent
in a pseudoequatorial position trans to the boronate to account for this diastereospecificity (Scheme
3.17).136 These transition states are formed from the Z imine 3.82, which is in equilibrium with the

E imine 3.81 under the aqueous conditions employed.
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Scheme 3.17. Proposed transition states for diastereospecific a-methylene-y-lactam formation

from crotylboronates and primary aldimines.

Alternatively, boat-like transition states were proposed by Villiéras and coworkers for their
chiral allylboronates containing a chiral boronate in place of the pinacolborane and their reaction
with secondary aldimines; they proposed that imines such as 3.90 would form in the E
conformation due to the nitrogen substituent and would not equilibrate under their conditions
(Scheme 3.18).!%7 In this case, a chair-like transition state (3.97) for Z-crotylboronate 3.89 would
be unfavored due to 1,3-diaxial interactions, and indeed the Z-crotylboronate 3.89 was converted
to the trans lactam 3.92. A boat-like transition state 3.91 or 3.95 was proposed to account for the
observed diastereospecificity in these cases, however, it has recently been demonstrated that

allylboroxines catalyze the E/Z isomerization of imines.'®* Thus, if boronates behave similar to the
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boroxines, isomerization of the imines would allow chair-like transition states that involve the Z

imine as discussed above.
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Scheme 3.18. Proposed transition states for diastereospecific a-methylene-y-lactam formation

from chiral crotylboronates and secondary aldimines.

It is proposed that Z-allylboronate 3.60a goes through chair-like transition state 3.100 to

give trans lactam 3.74a, similar to the transition states proposed by Hall and Elford (Scheme 3.19).

Under conditions that utilize aqueous ammonia, the imine exists in equilibrium with the aldehyde

3.59 and both E and Z imine isomers 3.98 and 3.99, therefore, the Z-imine can form chair-like
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transition state 3.100 where the alkyne is trans to the boronate. A boat-like transition state 3.101,
which is formed from the E imine 3.98 and places the alkyne substituent on the same face as the
boronate, can also be drawn for conversion of the Z-allylboronate to the trans lactam 3.74a. For
Z-allylboronate 3.60a to be converted to a cis lactam, it would need to go through the unfavorable
chair-like transition state 3.103 with 1,3-diaxial interactions between the alkyne and the ester, as
well as 1,3-diaxial interactions between alkyne and the boronate. Boat-like transition state 3.104
formed from the Z-imine 3.99 would also provide the cis lactam 3.74b. There does not appear to
be much difference between the boat-like transition states 3.101 and 3.104, so if these substrates
went through a boat-like transition state, it is unlikely that 3.101 would be favored over 3.104 and

diastereospecific reactions would not be observed.
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Scheme 3.19. Possible transition states for Z-allyboronate addition to primary aldimines.

The conversion of E-allylboronate 3.60b to cis lactam 3.74b likely goes through the chair-
like transition state 3.106 for the reasons described above (Scheme 3.20). Chair-like transition state
3.106 is less favorable then transition state 3.100 because the alkyl group is in the pseudo-axial
position leading to a 1,3-diaxial interaction with a methylene hydrogen. Boat-like transition state
3.107 can also be drawn to account for the conversion of E-allylboronate to cis lactam 3.74b, but
this transition state includes an unfavorable flagpole interaction between the alkyl substituent and

the boronate. Since the transition states for the E-allylboronate are less-favorable than those drawn
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for the Z-allylboronate, a slower conversion to cis lactam 3.74b is likely and decomposition of the
E-allylboronate could occur during the lactam forming reaction. This would explain the change in
ratio of Z:E allylboronate (2:1) when converting the mixture to trans and cis lactams (4:1) and is
the most likely explanation based on the complete diastercospecificity reported for similar
systems.!*6-137- 185 This change in ratio was also reported by our lab for the triflic acid promoted
conversion of similar allylboronates to lactones.!!” The larger alkyl substituent (R) in our systems
has a bigger impact in the transition state than the smaller methyl groups described above. An
alternative possibility, is that the E-allylboronate could go through a different, transition state such
as transition states 3.109 or 3.110 to give the trans lactam 3.74a. In this case transition state 3.110
still contains an unfavorable flagpole interactions, but transition state 3.109 is reasonable because
the alkyne in these systems is less bulky than a phenyl substituent, which was reported by Hall or
Vilieras in the previous examples (See Schemes 3.17 and 3.18). Thus, enrichment of the trans
lactam by formation from both the Z and E allylboronates is possible, although cis lactam

formation from E allylboronate is likely favored.
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Scheme 3.20. Possible transition states for E-allyboronate addition to primary aldimines.

3.4. EXPANDING THE SCOPE OF THE ALLENIC PAUSON-KHAND APPROACH TO

o-METHYLENE-y-LACTAM CONTAINING GUAIANOLIDE ISOSTERES

With a successful APKR in hand, efforts to expand the scope of this strategy for the preparation
of other lactam-containing guaianolide analogs were pursued. Modifications of the lactam nitrogen
at a late stage in the synthesis, by substitution reactions with electrophiles or coupling reactions
with aryl halides, would provide a general synthetic route to lactam containing guaianolide analogs
with various nitrogen substituents. In turn, these nitrogen substituents could be used to tune the
electrophilicity of the a-methylene-y-lactam Michael acceptor. Additionally, the scope of alkynes
tolerated in the cyclocarbonylation strategy were explored. Towards this end, a silyl substituted
propynal was hypothesized as a starting material which would afford silyl-substituted alkynes;
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these could be modified at a late stage by removal of the silyl group, providing terminal alkynes

that could be further modified through substitution or coupling reactions.

3.4.1. Feasibility of Secondary Amides in the APKR

First, the feasibility of secondary amides in the APKR was examined by synthesizing an allene-
yne with an a-methylene-y-lactam tether containing a secondary amide. This was accomplished
by a synthetic protocol analogous to the synthesis of N-methyl lactam 3.56 described above. A 4:1
mixture of ketals 3.74a (trans) and 3.74b (cis) lactams were hydrolyzed with PPTS in acetone and
water (20:1) at reflux for 16 h to afford ketones 3.58a,b in 71% as a 4:1 mixture of trans (3.58a)
and cis (3.58b) isomers (Scheme 3.21). Ketones 3.58a.b were identified by the disappearance of
the ketal multiplet at 3.98-3.89 ppm in 3.74. The trans and cis lactam isomers of 3.58a,b could be
separated by silica gel column chromatography or taken on to the next step as a mixture without
impacting the yield, as evidenced by the similar yields obtained when the isolated trans lactam
3.58a was carried through the synthesis compared to the yields below, where mixtures of the trans
and cis lactams were used. Additionally, the ratio of trans to cis lactams did not change throughout
the synthesis. In most cases, the lactams were taken on as a mixture, and only separated for
characterization purposes, since they were more easily separable at later stage in the synthesis.
Ketones 3.58a,b were reacted with ethynyl magnesium bromide (4 equiv) in THF at 0 °C
for 3 h, followed by quenching with saturated ammonium chloride and stirring vigorously for 15-
30 min before extraction into ether. This provided propargyl alcohols 3.112a,b in 76% yield, as a
1:1 mixture of alcohol diastereomers (Scheme 3.21). For the cis lactams, alkyne singlet resonances

were observed at 2.36 and 2.38 for both diastereomers of 3.112b. The trans lactam diastereomers
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of 3.112a were indistinguishable by "H NMR, although the '*C NMR showed two diastereomers
as two peaks with nearly the same chemical shift (< 0.2 ppm difference). The hydroxyl group of
3.112a,b was chemoselectively modified by stirring with pivalic anhydride and substoichiometric
scandium triflate (0.4 equiv) to give pivalates 3.113a,b in 70% combined yield. When acetylation
was attempted using acetic anhydride, DMAP, and triethylamine the nitrogen was also acetylated
(these products are discussed in Chapter 4). As with the propargyl alcohol 3.112a, the
diastereomers of trans lactam 3.113a were only distinguishable by '*C NMR, but the diastereomers
of cis pivalate 3.113b could be distinguished in the 'H NMR spectrum by two singlet resonances
for the terminal alkyne at 2.42 and 2.36. Pivalates 3.113a (trans) and 3.113b (cis) were separated
by column chromatography, and the isolated yields of 3.113a (57%) and 3.113b (13%) reflected

the ratio of the starting material determined by 'H NMR.
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Scheme 3.21. Feasibility of secondary amides in the APKR.

Propargyl pivalate 3.113a was converted to allene-yne 3.114 in 33% yield when reacted
with Stryker’s reagent. This low yield is in part due to a competing reduction of the a-methylene
group providing 3.115, and is discussed in further detail in Section 3.4.3 on the optimization of
this allene forming reaction. The reaction of cis pivalate 3.113b with Stryker’s reagent is also
discussed later in section 3.4.4. Allene-yne 3.114 was subjected to the APKR conditions utilizing
slow addition of the allene-yne to rhodium biscarbonyl chloride dimer (110 mol%) in toluene to
provide [5,7,5]-fused tricycle 3.116 in 79% yield. This demonstrated that secondary amides were

tolerated in the APKR. This also represents the first APKR with a secondary amide. Thus, it was
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envisioned that the lactam nitrogen could be modified at a late stage in the synthetic sequence to

modulate the electrophilic reactivity of the a-methylene-y-lactam.

3.4.2. Synthesis of a-Methylene-y-lactams Containing a Silyl-substituted Alkyne

In order to make late stage modifications to the terminus of the alkyne, the feasibility of silyl-
substituted propynals in the 3-component lactamization reaction was tested. Triisopropylsilyl
(TIPS) propynal 3.118 was prepared by reacting the lithium acetylide of triisopropylsilylacetylene
3.117 with DMF followed by acidic work-up with monobasic potassium phosphate to provide
propynal 3.118 in nearly quantitative yields (Scheme 3.22).'®% Propynal 3.118 was reacted with
allylboronate 3.60 in ethanol and ammonium hydroxide to afford lactams 3.121a (trans) and
3.121b (cis) in a 53% yield and a 3.5:1 trans (3.121a) to cis (3.121b) ratio, as determined by
integration of the resonances for Hp at 4.2 ppm for the trans isomer and 4.7 ppm for the cis isomer.
These lactams 3.121a,b containing a TIPS-substituted alkyne were subjected to the same synthetic
sequence as lactams 3.74a,b with a phenyl-substituted alkyne and the reactions proceeded in
similar yields. Trimethylsilyl (TMS) propynal 3.119 was subjected to the lactamization reaction,
but the TMS group was unstable to the strongly basic conditions, and none of the desired lactam

was obtained.
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Scheme 3.22. Synthesis of a-methylene-y-lactams using silyl-substituted propynals.

The ketals were hydrolyzed by refluxing lactams 3.121a,b in an acetone/water (20:1)
solvent containing PPTS to give ketones 3.122a,b in 70% yield, with a 4:1 trans:cis isomeric ratio
(Scheme 3.23). As with the phenyl substituted alkyne examples, little change in the ratio of
trans:cis isomers was observed going from ketal 3.121a,b to ketone 3.122a,b, where the ratio was
determined by the same 'H NMR signals as ketals 3.121a,b at 4.2 and 4.7 ppm. Ketones 3.122a/b
were used to synthesize the desired allenes in three synthetic steps. Reaction of ketones 3.122a,b
with ethynyl magnesium bromide in THF for 3 h at 0 °C afforded propargyl alcohols 3.123a,b in
86% yield, each as a 1:1 mixture of propargyl alcohol diastereomers. The trans lactam
diastereomers of 3.123a were indistinguishable by 'H NMR, although the '*C NMR showed two
equimolar diastereomers as two peaks for most carbons. Cis propargyl alcohol 3.123b
diastereomers displayed two distinct alkyne resonances at 2.44 and 2.42 ppm, and two doublets
were visible for the hydrogen on the y-carbon of the lactam at 4.49 for 3.123b. The hydroxyl
groups of 3.123a,b were transformed into pivalates 3.124a,b in 60% combined yield by stirring
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with pivalic anhydride and substoichiometric scandium triflate (0.4 equiv). Pivalates 3.124a and
3.124b were separated by column chromatography to give 46% of 3.124a and 14% of 3.124b.
These were taken on as single isomers for the remainder of the synthesis. Pivalate 3.124a was
identified by a new carbonyl carbon at 177 ppm in the '*C NMR spectrum and a singlet integrating
for nine hydrogens at 1.1 ppm in the 'H NMR spectrum. As with the propargyl alcohol 3.123a, the
diastereomers of trans lactam 3.124a were only distinguishable by '*C NMR, but the diastereomers
of cis pivalate 3.124b could be distinguished in the '"H NMR spectrum by two singlet resonances
for the terminal alkyne at 2.52 and 2.51. The 3C NMR also showed two nearly equivalent peaks
for most carbons which differed by less than 0.2 ppm. The isolated yields of 3.124a and 3.124b
reflected the ratios of the starting material determined by 'H NMR. Pivalate 3.124a was reacted
with Stryker’s reagent to provide allene-yne 3.125 in 46% yield, along with 11% of 3.126, an
overreduction product resulting from reduction of the a-methylene group to a methyl group. The
stereochemistry of the lactam methyl group on 3.126 was assigned by comparison of experimental
'H NMR coupling constants to calculated coupling constants vide infra (Section 3.6) Conditions
for the synthesis of allenes from propargylic carboxylates using Stryker’s reagent were examined

before further modifications to the alkyne terminus or lactam nitrogen were pursued.
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Scheme 3.23. Synthesis of 1,1-disubstituted allenes with N-unsubstituted lactams.

3.4.3. Optimization of Allene Formation from Propargyl Pivalates using Stryker’s Reagent

Because the copper hydride was reacting with the a-methylene group of the lactam, efforts to
increase the chemoselectivity and the yield for the transformation of propargyl pivalates to allenes
ensued. Optimization studies involved changing the reaction temperature, equiv of Stryker’s
reagent, reaction time, quench and work-up methods, scale, and source of Stryker’s reagent.
Propargyl pivalates 3.113a or 3.124a were converted to 1,1-disubstituted allenes 3.114 or 3.125 in
28-89% yields via a formal Sn2' reaction with triphenylphosphine copper hydride hexamer
(Stryker's reagent), and these allenes were identified by new resonances in the 'H NMR
corresponding to the hydrogens on the allene terminus at 4.6 ppm for 3.114 and 3.125. This
reaction was typically performed by addition of Stryker’s reagent (0.9 equiv, weighed in a

glovebox) to a solution of propargyl pivalate 3.113a or 3.124a in degassed (by bubbling nitrogen

92



through solution for 10 min), wet toluene (containing 2 equiv water relative to propargyl pivalate)
at rt and stirring for 0.5-5 h with a concentration of 0.04 M. The reaction was quenched either by
addition of saturated ammonium chloride solution to the reaction mixture followed by dilution
with diethyl ether or by pouring the reaction mixture into a biphasic, 1:1 mixture of saturated
ammonium chloride and diethyl ether. In most cases the reaction mixture was stirred for 30 min
with the ammonium chloride to facilitate precipitation of triphenylphosphine and
triphenylphosphine oxide byproducts. Two work up procedures were utilized. The first involved
filtration of both the organic and aqueous layers through Celite, separation of these layers, and
extraction of the aqueous layer (3x) with diethyl ether. The second involved separation of the
organic and aqueous layers, extraction of the aqueous layer with diethyl ether (3x), then filtration
of the combined organic layers through Celite. The first work up procedure helped reduce the
formation of emulsions during extraction. Addition of water (2-20 equiv) to reductions using
Stryker’s reagent has been shown to increase the reaction rate and decrease the formation of side
products, presumably by rapidly quenching the intermediate copper species formed during the
reaction, and it was observed that addition of water reduced the reaction time from 3-4 h to 0.5-1
h when the reaction was conducted at rt (Table 3.1, compare entries 4 and 7).'3¢187 A few minor
side products were observed in most cases with this reaction. These byproducts are the result of
the reduction of the a-methylene moiety to provide methyl lactams 3.115 or 3.126 due to a
conjugate reduction reaction (Scheme 3.24). These was identified by a disappearance of the a-
methylene hydrogen resonances from the 'H NMR spectrum and the appearance of a methyl
doublet at 1.0 ppm. The two other common side products are believed to be reduction of the
internal alkyne or the allene based upon "H NMR resonances. A doublet at 6.64 ppm (J = 11.4 Hz)

for Hp and doublet of doublets at 5.55 ppm (J=11.4, 9.7 Hz) for Ha is consistent with the reduction
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of the internal alkyne to cis alkene (A) 3.127 or 3.128; reductions of alkynes to cis alkenes with
Stryker’s reagent have been reported.'®® Two multiplets at 5.05-4.91 and 5.78-5.61 ppm are likely
due to the reduction of the allene to a terminal alkene (B) 3.129 or 3.130, but these minor
byproducts were isolated but were not pure enough for full characterization. The product ratios
presented in Table 3.1 were determined by integration of the 'H NMR resonances of product

mixtures after column chromatography.
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Scheme 3.24. Formation of 1,1-disubstituted allenes using Stryker’s reagent.

The procedure employed for this reaction varied slightly among entries. In entry 1, a
solution of pivalate 3.113a in toluene (0.05 M) was added to a solution of Stryker’s reagent in dry
toluene (0.1 M) at rt all at once and stirred for 4 h. This reaction was quenched by addition of
saturated, aqueous ammonium chloride solution to the reaction mixture, dilution with ether, and

filtration through Celite. The layers were separated and the organic layer was washed with brine,
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dried over magnesium sulfate, filtered, concentrated, and purified by silica gel flash column
chromatography. This reaction gave a 53% overall yield and a 90:10 ratio of desired allene 3.114
to a-methylene reduction product 3.115 and only trace amounts of other byproducts (entry 1). For
entry 2, the same procedure was followed, except that the concentration was increased to 0.06 M
and the vial was evacuated and filled with nitrogen three times after addition of all reagents, which
likely increased the concentration further in this small-scale reaction. Entry 2 provided a 61%
overall yield with a 72:6:22 ratio of desired allene 3.114 to a-methylene reduction product 3.115
to alkyne reduction 3.127, where the increased concentration likely lead to an increase in alkyne
reduction product 3.127 (entry 2). For entry 3, Stryker’s reagent was added directly to a solution
of pivalate 3.113a in toluene (0.04 M); when ammonium chloride was added, it was stirred
vigorously for 5 min before diluting with ether (a blue aqueous layer was observed) and the
remainder of the work up was performed as described for entries 1-2. This provided a good overall
yield of 89%, with a ratio of 75:11:14 of desired allene 3.114 to a-methylene reduction product
3.115 to alkyne reduction 3.127 (entry 3). For entry 4, pivalate 3.124a (0.04 M, with a TIPS-
substituted alkyne instead of the Ph alkyne in entries 1-3) was added to a solution of Stryker’s
reagent (0.1 M), analogous to entries 1-2. An aliquot of the reaction mixture showed that the
reaction was complete after 2.5 h by 'TH NMR, but it was left to stir for a total of 4.5 h. To quench
this reaction, saturated ammonium chloride was added to the reaction and this was stirred 15
minutes open to air, then diluted with ether and the layers separated providing an overall yield of
47% with an 85:15 ratio of desired allene 3.125 to allene reduction product 3.130 (entry 4). The
large triisopropyl silyl substituent on the internal alkyne may have prevented reduction of this
alkyne by the bulky Stryker’s reagent, instead leading to the allene reduction byproduct 3.130 that

was observed in only trace amounts for entries 1-3.
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In entry 5, water was added to the pivalate 3.113a solution(0.04 M in toluene containing
0.01 mL of water) because water has been reported to speed up reactions with Stryker’s reagent.!”!
187 An aliquot of the reaction after 1 h showed the disappearance of the terminal alkyne resonance
of the starting material by 'H NMR, so the reaction was quenched and an overall yield of 43%
with a 65:10:25 ratio of desired product 3.114 to a-methylene reduction product 3.115 to alkyne
reduction 3.127 was obtained (entry 5). Thus, water sped up the rate of allene formation, but it also
led to an increase in the alkyne reduction product 3.127 (entry 5). For entry 6, N-methyl substituted
lactam 3.91 was used to see if a more electron-rich a-methylene-y-lactam would be less susceptible
to reduction. An aliquot showed consumption of the starting material after 30 min, again
demonstrating the increase in the rate of reaction with the addition of water. This N-methyl lactam
3.91 gave a good overall yield of 70% and showed only trace amounts of a-methylene reduction
product (75:trace:25 desired product 3.65 to a-methylene reduction product to alkyne and allene
reduction, entry 6). This is attributed to the reduced electrophilicity of the a-methylene when an
electron-donating alkyl group was attached to the lactam nitrogen. For entry 7, the temperature
was reduced to 0 °C to slow the reduction of the a-methylene moiety. Performing the reaction at
0 °C resulted in only trace amounts of the undesired byproducts 3.126, 3.128, and 3.130 being
isolated when propargyl pivalate 3.124a was reacted with Stryker’s reagent providing an overall
yield of 64% (entry 7). The reaction conditions from entry 7 were repeated for entry 8 with pivalate
3.113a and the desired allene 3.114 was obtained in 52% yield with only trace amounts of
byproducts. Entries 9-10 were performed under the same conditions as entries 7-8 except a
different bottle of Stryker’s reagent from Sigma-Aldrich was used. Entry 9 gave a lower yield
possibly due to the small scale, but entry 10 gave the same yield as entry 8 (52%), with only trace

amounts of a-methylene reduction and other side-products detected.
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Entry 11 was performed using the same procedures as entries 7-10 except that a new bottle
of Stryker’s reagent purchased from Acros was used and the reaction was quenched after 1 h
because an aliquot after 45 min showed consumption of the starting material by '"H NMR. This
resulted in a good overall yield (73%) but a large amount of the a-methylene reduction product
3.126 was obtained (60:40 desired allene 3.125 to a-methylene reduction product 3.126). This led
us to try a lower temperature of -10 °C and to decrease the amount of Stryker’s reagent from 1
equiv to 0.8 equiv in entry 12. The reaction was monitored by quenching aliquots of the reaction
mixture, extraction into ether, concentrating, and obtaining a '"H NMR spectrum. This reaction
appeared nearly complete after 90 min (3:1 prod:SM). After column purification, the overall yield
was 66% with a 63:25:12 ratio of desired allene 3.125, a-methylene reduction product 3.126, and
SM (3.124a) with only trace amounts of other byproducts detected. From this it was concluded
that the Stryker’s reagent from Acros was more active than that from Sigma Aldrich, but due to
the increase in yields, attempts to optimize allene formation with Stryker’s reagent from Acros
were pursued. In entry 13, the temperature was lowered to -20 °C, 0.9 equiv of Stryker’s was used.
We sought to find an optimal temperature that would allow for allene formation but not for a-
methylene reduction. This resulted in a slightly lower overall yield of 58% with a 4:1 ratio of
desired allene 3.125 to a-methylene reduction 3.126, but no SM was recovered and only trace
amounts of alkyne or allene reduction products 3.128 and 3.130 were observed under these
conditions (entry 13). Although the allene with a TIPS alkyne (3.125) was separable from
overreduction product 3.126, the allene with a phenyl alkyne (3.114) was inseparable from 3.115,
so further decreasing the amount of overreduction product was desired.

For entry 14, the temperature was lowered to -78 °C and the rest of the procedure was the

same as in entry 13. This eliminated the formation of overreduction product 3.126 and gave a good
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overall yield of 71%, but a nearly 1:1 ratio of desired product to recovered starting material was
obtained (entry 14). For entry 15, the reaction was kept at -78 °C for 3.5 h instead of 1.5 h as in
entry 14. An aliquot of the reaction mixture taken after 2 h showed a nearly complete reaction with
a 5:1 ratio of product 3.114 to starting material 3.113a. However, when the reaction was quenched
after 3.5 h, a 67:26 ratio of starting material 3.113a to product 3.114 was obtained along with 7%
of the a-methylene reduction product 3.115 (entry 15). This could be due to the reaction not being
quenched immediately upon addition of saturated ammonium chloride, or due to the warming of
the small aliquot upon removal from the reaction mixture. It appears that the allene formation and
conjugate reduction reactions have similar energetic barriers, although an intermediate temperature
(between -20 and -78 °C) was not tested. Additionally, Stryker’s reagent is only partially soluble
in toluene, so very low temperatures could be inhibited by poor solubility of the
triphenylphosphine copper hydride hexamer. For entry 16, water was not added to the reaction in
an effort to prevent the reduction of the a-methylene moiety. The reaction was stirred at -78 °C for
20 min, then -30 °C for 30 min, then -10 °C for 30 min, then 0 °C for 150 min. Aliquots of the
reaction mixture showed a 10:1 ratio of starting material 3.124a to product 3.125 by 'H NMR after
stirring at -78 °C with no a-methylene reduction detected and this ratio remained the same as the
reaction was warmed slowly to 0 °C for 30 min. After stirring for an additional hour at 0 °C, an
aliquot of the reaction mixture showed a 2:2:1 mixture of desired product 3.125 to a-methylene
reduction 3.126 to starting material 3.124a. The reaction was quenched after a total of 4 h as
described for entries 12-15 and a 60% overall yield was obtained with the same ratio of products
as the second aliquot (2:2:1, entry 16). This suggested that water was not contributing to the
reduction of the a-methylene moiety, but the absence of water significantly slowed the rate of the

reaction, especially at lower temperatures.
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Due to the increased amount of a-methylene reduction products 3.115/3.116 obtained when
using Stryker’s reagent purchased from Acros (entries 11-16), a new bottle of Stryker’s from
Sigma-Aldrich was purchased and used in entry 17. For entry 17, the conditions from entries 8-10
were repeated using the same amount of Stryker’s reagent (1 equiv) and the same concentration of
pivalate (0.04 M). This provided a 53% overall yield with a ratio of 52:7:10:12:19 of the desired
product 3.114 to a-methylene reduction product 3.115 to starting material 3.113a to allene
reduction 3.129 to an unidentified byproduct (entry 17). Due to the variability in product ratios
when using different sources of Stryker’s reagent, it was synthesized from copper (II) acetate,
triphenylphosphine, and diphenylsilane according to the method reported by Lee and Yun.!® This
synthetic Stryker’s reagent was used in entry 18 providing a 40% overall yield with a 69:6:12:13
ratio of desired allene 3.114 to a-methylene reduction product 3.115 to byproducts 3.127 and 3.129
and a new byproduct. This previously unencountered byproduct was isolated by column
chromatography and appeared to be allene formation due to the allene resonance at 4.6 ppm.
Reduction of the a-methylene was also apparent in this byproduct due to disappearance of the
resonances at 6.11 and 5.41 ppm in the '"H NMR corresponding to the hydrogens on the a-
methylene group and the appearance of a methyl doublet at 1.2 ppm. Reduction of the lactam
carbonyl to an alcohol is proposed due to a disappearance of the carbonyl carbon at 169 ppm and
anew peak at 67 ppm of the >*C NMR. The resonances for the other hydrogens on the lactam were
shifted upfield considerably from 4.3 and 3.0 ppm in the a-methylene reduction product 3.115 to
2.5 and 2.0 ppm in this byproduct.

In entry 19, 0.9 equiv of Stryker’s reagent from Aldrich was used at a reaction temperature
of -10 °C for 2 h. This provided an overall yield of 70% and a ratio of 70:16:14 of desired product

3.114, a-methylene reduction product 3.115, and allene reduction product 3.129 (entry 19). Entry
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20 utilized the same conditions as entry 19 but was quenched by pouring the reaction into 0 °C
saturated ammonium chloride as in entries 12-18. This reaction gave a lower overall yield (31%)
than most entries, but it provided the best ratio of desired product 3.114 to a-methylene reduction
product 3.115 to allene reduction product 3.129 of 80:10:10 (entry 20). In entry 21, the same
procedure as entries 19-20 was followed, except that 0 °C saturated ammonium chloride was added
to the reaction for the quench. In this case, a 56% overall yield was obtained with a 90:10 ratio of
desired allene 3.114 to a-methylene reduction product 3.115 and only trace amounts of the allene
reduction product 3.129 was observed (entry 21). Entry 22 followed the same procedure as entries
20-21, except for the work-up, which involved filtration through Celite after stirring the reaction
with ammonium chloride, but before extracting with ether (the same work-up as in entries 4-18).
This provided an overall yield of 38% with a 94:6 ratio of desired allene 3.114 to a-methylene
reduction product 3.115 with no starting material and only trace amounts of other byproducts. In
entry 23, the reaction with rt saturated ammonium chloride, and it was stirred 2 h instead of the
normal 30 min. A new bottle of Stryker’s reagent from Aldrich was also used in entry 23. The
longer quenching time may have led to the low yield of 28%. The ratio of products was 84:8:8 of
the desired allene 3.114 to the a-methylene reduction product 3.115 to alkyne reduction product
3.127 (entry 23). Entry 24 followed the same procedure as entry 19, and the difference from entries
20-23 was that rt saturated ammonium chloride was added to the reaction during the quench. In
this case, a good overall yield of 78% was obtained with a 77:23 ratio of desired allene 3.125 to a-
methylene reduction product 3.126. For entry 25 the same conditions from entry 24 were employed
on a larger scale (440 mg compared to 220 mg). This provided an overall yield of 49% with a
72:19:9 ratio of the desired allene 3.125 to a-methylene reduction product 3.126 to starting

material 3.124a. The larger scale of this entry may account for the reduction in overall yield when
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compared to entry 24, however, the yield of this reaction was somewhat variable, with an average
yield of 55 + 15%.

Initially, these reactions were quenched by addition of rt, saturated ammonium chloride
solution to the reaction. The biphasic mixture was stirred open to the atmosphere for 20-30 minutes
causing triphenylphosphine oxide byproducts to precipitate from the mixture. In other cases, the
reaction was quenched by addition of 0 °C ammonium chloride solution and pouring the reaction
mixture into a 0 °C mixture of ammonium chloride and ether. The work-up was also performed
two different ways: filtration through Celite prior to extraction or filtration through Celite after
extraction. These alternate quenching and work-up protocols made little difference in the yield of
the reaction or the ratio of desired allenes to a-methylene reduction products although the
variability in the yield and product ratios made a conclusion difficult. Thus, to test the effect of
quenching and work-up procedure on the yield and ratio of products, a single reaction was divided
into two equal portions and the two major quenching and work-up procedures were performed in
entry 26. For this reaction, the typical reaction conditions were employed (0.04 M, -10 °C, 2 equiv
water), but before quenching 1 equiv of mesitylene was added as an internal standard. Then, half
of the reaction mixture was removed via syringe and added to 0 °C ammonium chloride solution
(quench procedure E). Room temperature ammonium chloride was added to the remainder of the
reaction mixture (still in ice bath at 0 °C, quench procedure D), and the two solutions were stirred
for 30 minutes open to the atmosphere. After 30 minutes, the first half of the reaction mixture
(quench E) was diluted with ether and filtered through Celite; the aqueous layer was extracted with
ether (2 x 25 mL), the combined organic layers were dried over magnesium sulfate, and this was
gravity filtered, concentrated, and a 'H NMR was obtained. Meanwhile, the second half of the

reaction mixture (quench D) was diluted with ether, the layers separated, the aqueous layer
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extracted with ether (2 x 25 mL), the combined organic layers dried over magnesium sulfate, then
filtered through Celite, concentrated, and a '"H NMR obtained. The amount of crude product after
concentration was nearly the same (203 mg for the first method, 197 mg for the second method)
and the NMRs showed about the same ratio of products to mesitylene (~1:3). There were still
triphenylphosphine byproducts in these crude products, and the ratio of product to mesitylene was
determined by integration of the allene resonance at 4.6 ppm and mesitylene CH3 resonance at 2.3
ppm. After column chromatography, a 61% overall yield was obtained with a 67:9:24 ratio of
desired allene 3.125 to a-methylene reduction product 3.126 to starting material 3.124a (entry 26).

To summarize the results presented in Table 3.1, the order of addition of reagents made
little difference in the yield or ratio of products (compare entries 1 and 4). The addition of water
(2 equiv) to the reaction sped up product formation 2-3 fold but did not significantly affect the
ratio of desired allene 3.114/3.125 to other byproducts 3.127-3.130 (compare entries 2 and 5).
Lowering the reaction temperature from rt to 0 °C provided the desired allenes 3.114 or 3.125 in
moderate yields with minimal formation of undesired byproducts (compare entry 4 to 7 and entry
5 to 8). However, significant differences in product ratios were obtained using different sources of
Stryker’s reagent under similar conditions (compare entry 7 to 11 and 10 to 18). It should be noted
that the source of Stryker’s reagent was visibly different, with the older bottles from Aldrich (90%,
entries 1-10, stored in glovebox for about 2 years) having a dark, brick red color; the bottles from
Acros (97%, entries 11-16) and the synthetic Stryker’s reagent had a bright red, almost orange
color; and the new bottles from Aldrich (90%, entries 17, 19-25) were brown with only a slight
red tint. Reducing the reaction temperature to -10 or -20 °C helped reduce byproduct formation
compared to reactions ran at 0 °C (compare entries 11 and 13). Further reducing the reaction

temperature to -78 °C resulted in longer reaction times that did not prevent the formation of a-
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methylene reduction product 3.115/3.126 and starting material was recovered (compare entry 13
to 14, 15 and 16). Additionally, removing water from the reaction and allowing to warm slowly
from -78 °C to 0 °C did not prevent the overreduction product 3.126 from forming. The amount of
Stryker’s reagent could be reduced from 1 to 0.9 equiv but lowering the amount to 0.8 equiv
resulted in the recovery of starting material and similar amounts of byproducts compared to 0.9
equiv (compare entries 11-13). a-Methylene-y-lactam 3.113a with a phenyl substituted alkyne
gave increased amounts of alkyne reduction product 3.127 with less a-methylene reduction 3.115,
while substrates with a TIPS alkyne gave increased amounts of a-methylene reduction 3.126 and
less alkyne reduction 3.128 (compare entry 18 to 24). This could be due to the bulkiness of the
TIPS substituent or the electron donating ability of the silyl group, both of which would decrease
the reactivity of the internal alkyne towards reduction by Stryker’s reagent. Finally, allene 3.125,
with a TIPS substituent on the alkyne, could be separated from the reduced product 3.126 by
column chromatography. However, separation of allene 3.114 from the reduced product 3.115 was
not achieved with column chromatography, therefore 3.114 and 3.115 were taken on to the next

synthetic step as a mixture.
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Table 3.1. Reaction optimization for formation of 1,1-disubstituted allenes.

Entry Notebook SM Source Equiv Temp Time  Total Desired (3.114/3.125): Scale of Que- Work
Page Stryker’s Stryker’s/  (°C)  (h) yield  overreduction Lactam nch -up
Solvent (%) (3.115/3.126):SM
Conc (M) :byproducts (A,B)
1 6-166 3.113a  Aldrich-1* 1 (0.04) rt 4° 53 90:10:0:trace 20 mg D H
2 6-172 3.113a  Aldrich-1* 1 (0.06) rt 3b 61 72:6:0:22A 19 mg D H
3 6-194 3.113a  Aldrich-1 1 (0.04) rt 4° 89 75:11:0:14A 140mg D H
4 7-74 3.124a Aldrich-1* 1 (0.04) rt 4.5b 47 85:0:0:15B 60 mg D I
5 7-82 3.113a  Aldrich-1 1 (0.04) rt 1.5 43 65:10:0:25A 107mg D I
6 7-134 391 Aldrich-1 1 (0.04) rt 1 70 75:trace:0:25A/B 80 mg G I
7 7-164 3.124a  Aldrich-1 1 (0.04) 0 1.5 64 100:trace:0:trace 110mg D I
8 7-186 3.113a  Aldrich-1 1 (0.04) 0 2 52 100:trace:0:trace 145mg D I
9 7-198 3.113a  Aldrich-2 1 (0.04) 0 1.5 35 100:trace:0:0 24 mg D I
10 7-209 3.113a  Aldrich-2 1(0.04) 0 1.5 52 100:trace:0:trace 145mg D I
11 8-52 3.124a Acros-1 1 (0.04) 0 1 73 60:40:0:trace 110mg D I
12 8-54 3.124a Acros-1 0.8(0.04) -10 2 66 63:25:12:trace 110mg E I
13 8-62 3.124a Acros-1 0.9 (0.04) -20 2 58 80:20:0:trace 110mg E I
14 8-64 3.124a Acros-1 0.9 (0.04) -78 1.5 71 52:0:48:trace 110mg E I
15 8-80 3.113a  Acros-1 0.9 (0.03) -78 3.5 44 26:7:67:trace 110mg E I
16 8-86 3.124a Acros-2 0.9 (0.03) -78° 4 60 42:38:19:trace 110mg E I
17 8-98 3.113a  Aldrich-3 1 (0.04) 0 2 53 52:7:10:12A:19J 110mg E I
18 8-110 3.113a  Synthetic 1 (0.04) 0 2 40 69:6:0:12A/B:13K 110mg E I
19 8-202 3.113a  Aldrich-3  0.9(0.04) -10 2 70 70:16:0:14B 110mg D H
20 9-28 3.113a  Aldrich-3  0.9(0.04) -10 1.5 31 80:10:0:10B 122mg E H
21 9-34 3.113a  Aldrich-3  0.9(0.04) -10 1.5 56 90:10:0:trace 122mg F H
22 9-42 3.113a  Aldrich-3 0.9(0.04) -10 2 38 94:6:0:trace 122mg F I
23 9-52 3.113a  Aldrich-4  0.9(0.04) -10 2 28 84:8:0:8A 122mg G H
24 9-86 3.124a Aldrich-4  0.9(0.04) -10 2 78 77:23:0:trace 220mg D I
25 9-102 3.124a Aldrich-4 0.9 (0.04) -10 2 49 72:19:9:trace 440mg D H
26 9-108 3.124a  Aldrich-4  0.9(0.04) -10 2 61 67:9:24:trace 250mg E/D HI/
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a) propargyl pivalate added to solution of Stryker’s; b) no water added to reaction; c) kept at -78
°C for 1 h, then slowly warmed to -20 over 1 h, then to -10 for 1 h, then to 0 °C for 1 h; d) rt
saturated NH4Cl added to reaction at reaction temperature, diluted with ether, and stirred 30 min
open to air while allowing to warm to rt; e) reaction poured into 0 °C biphasic mixture of
saturated NH4Cl and diethyl ether and stirred 30 min open to air at rt; f) 0 °C saturated
ammonium chloride was added to the reaction; g) stirred 2 h open to air after addition of rt
saturated ammonium chloride; h) filtration through Celite after quench but before extraction; 1)
extraction into ether then filtration of combined organic layers through Celite; j) unidentified
byproduct; k) carbonyl reduction byproduct

Toluene and benzene are the most common solvents employed in reactions with Stryker’s
reagent, but it has been reported that THF can reduce the reaction time for conjugate reduction
reactions of a-methylene-y-lactones and unsaturated esters.!®® This reaction was not attempted
because it was predicted that THF would increase the amount of undesired a-methylene reduction
products 1.115 and 1.126 by increasing the rate of conjugate reduction. However, the increased
solubility of Stryker’s reagent in THF compared to aromatic solvents could allow for the reaction
to be performed at lower temperatures which may facilitate selective allene formation over
conjugate reduction. Conditions that utilized Stryker’s reagent or related copper hydride reagents
with different ligands (e.g. P(O'Pr)s, Me;PPh) and silanes as hydrogen donors under catalytic
conditions were also not attempted, since these conditions were optimized for conjugate reduction
or carbonyl reduction.!”! ! Catalytic copper hydride reductions utilizing Xantphos or N-
heterocyclic carbene ligands and hydrosilane hydrogen donors have been reported for propargylic
carbonates, but these conditions were only reported to form 1,3-disubstituted and 1,1,3-
trisubstituted allenes as no terminal alkyne starting materials were reported.'*?"'°* The mechanisms
proposed in these studies involved syn-addition of copper hydride across the alkyne, followed by
anti-f-elimination of the carbonate, and finally regeneration of the copper hydride catalyst through
transmetallation with a silane. Based on these studies, it is expected that the mechanism for allene

formation with Stryker’s reagent involves a similar pathway. Thus, formation of © complex 3.131
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between the alkyne and copper hydride reagent followed by syn-addition of copper hydride across
the alkyne bond to form 3.132. Finally, anti-fB-elimination of pivalate 3.132 provides the desired

allene 3.125 (Scheme 3.25).
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Scheme 3.25. Proposed mechanism for allene formation with Stryker’s reagent.
3.4.4. Allene Formation using Stryker’s Reagent with Cis-substituted Lactams

Cis-substituted lactams 3.113b and 3.124b were more susceptible to conjugate reduction than
trans-substituted lactams discussed above. Treatment of cis-substituted lactams with Stryker’s
reagent provided allenes 3.133 or 3.135 in low overall yields of 25-52% and various ratios of the
desired allenes 3.133 or 3.135 to 3.134 or 3.136 where the a-methylene was reduced to a methyl

group; unfortunately, these compounds were inseparable by column chromatography (Table 3.2).

106



These reactions were conducted by adding Styker’s reagent to a degassed solution of propargyl
pivalate in wet toluene (2 equiv water) and quenched by addition of saturated ammonium chloride
to the reaction mixture. For 3.124b, the desired allene 3.135 was obtained as the major product in
ratios of 10:1 (3.135:3.136) with a 52% overall yield along with 16% recovered starting material
(Table 3.2, entry 1). In a separate experiment using a bottle of Stryker’s reagent from Acros, the
desired allene 3.135 was obtained in a 2.5:1 ratio with the reduced product 3.136 and a 25%
combined yield (entry 2). For pivalate 3.113b, the desired allene 3.133 was obtained as the minor
isomer in a ratio of 1:2 with overreduction product 3.134 and a 36% overall yield in one case (entry
4). Using the same conditions with a different bottle of Stryker’s reagent from Acros provided
only the overreduced a-methyl lactam 3.134 in 34% yield (entry 3). The reduced compounds 3.134
and 3.136 could be identified by absence of the two a-methylene hydrogen resonances and an
appearance of a methyl doublet at 1.2 ppm in the '"H NMR. The ratio of desired allene 3.133 or
3.135 to reduced compounds 3.134 and 3.136 was determined by integration of Hy on the y-carbon
of the lactam which was shifted upfield by 0.2 ppm for the reduced compounds 3.134 and 3.136.
These reduced compounds appeared to be single diastereomers based upon the 'H NMR, and the
stereochemistry of the methyl group was determined by comparison to calculated values after the
allenic Pauson-Khand reaction (vide infra). Since the cis lactams were the minor isomer, only
small amounts of cis pivalates 3.113b and 3.124b were available to optimize conditions for the
allene formation. As the desired allene-ynes and the over-reduction products were inseparable by
column chromatography, they were taken on to the next synthetic step as a mixture, except in the

single instance where only the over-reduction product was obtained.
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Table 3.2. Formation of allenes from cis-substituted lactams.

OPiv o
N [CuPPh3H]g Ho
. o) =
o H § ] tolueqer; 0°C H g
3.113b: R =Ph 3.133: R=Ph 3.134:R=Ph
3.124b: R = TIPS 3.135:R = TIPS 3.136: R=TIPS
Entry  Notebook R Source Temp Time Total Ratio
Page Stryker’s  (°C) (h) Yield (%)
1 7-156 TIPS Aldrich-1 0 2 522 10:1 (3.135:3.136)
2 8-40 TIPS Acros-1 0 1 25 2.5:1(3.135:3.136)
3 7-192 Ph Aldrich-2 0 1.5 36 0:1(3.133:3.134)
4 8-46 Ph Acros-1 0 1 34 1:2 (3.133:3.134)

a) 16% recovered starting material

3.4.5. Investigation of Alternative Reactions for 1,1-Disubstituted Allene Formation

Due to the problems of overreduction in the allene formation reactions using Stryker’s reagent,
especially with cis-substituted lactams, it was proposed that protection of the lactam nitrogen with
an electron donating silyl-substituent would reduce the electrophilicity of the a-methylene-y-
lactam and thus prevent the reduction of this moiety. This was based partially on the success with
N-methyl lactam 3.91, which provided an improved yield of the desired allene 3.65 and only trace
amounts of a-methylene reduction even at rt (Table 3.1, entry 6). Silyl-protected lactams have
been used to prevent reaction of N-unsubstituted lactams, and they are reportedly stable to

chromatographic purification as well as lithium bases such as nBuLi and LDA; similarly, N-silyl
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indoles are stable to chromatographic purification but unstable to storage.!”*!'*> To test this
hypothesis, 3.113a,b (2:1) was reacted with tert-butyldimethylsilyl chloride (TBS, 10 equiv),
triethylamine (15 equiv), and dimethylaminopyridine (10 mol%) in refluxing DCM to afford TBS
protected lactam 3.137a,b in 73% yield as a 2:1 mixture of trans and cis isomers (Scheme 3.26).
Lactam 3.137a,b was identified by disappearance of the amide hydrogen resonance in the '"H NMR
as well as a new singlet resonance at 1.03 ppm that integrated for 9 hydrogens and 2 singlet
resonances at 0.41 and 0.39 ppm that integrated for 3 hydrogens each, corresponding to the silyl
protecting group. Reaction of N-silyl lactam 3.137a,b with Stryker’s reagent (0.9 equiv) provided
allenes 3.138a,b in 38% overall yield as a 10:1 ratio of 3.138a,b to the overreduction product as
determined by '"H NMR integration of Ha. Additionally, 6% of the desilylated lactams 3.114 and
3.133 were isolated after chromatographic purification. Removal of the silyl protecting group was
achieved by stirring 3.138a,b in THF with 1 N HCI for 0.5 h, affording desilylated lactams 3.114

(trans)/3.133 (cis) in 67% with a small amount of over-reduction products 3.115 (trans)/3.134 (cis).

OPiv OPiv
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DCM, 40 °C toluene, 0 °C ~-—
S VIS 16 h N 1h 07N TS

H Ph TBS

3.113a,b 2:1 (trans:cis) 3.137a,b, 2:1, 73% 3.138a,b, 2:1, 38%

1 N HCI
i{\a\ L
THF, rt 0N =

0.5h N Ph
3.114 trans )/3.133 (cis), 3.115 (trans)/3.134 (cis),
21, 67% 2:1, 10%

Scheme 3.26. Feasibility of N-silyl protection.
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As the cis-substituted lactams were more prone to overreduction than the trans-substituted
lactams this silyl-protection strategy was tested with pure cis lactam 3.113b. The reaction of
3.113b with tert-butyldimethylsilyl chloride provided N-silyl lactam 3.137b in 60% yield (Scheme
3.27). Reaction of 3.137b with Stryker’s reagent for 1.5 h at -10 °C provided allene 3.138b in 25%
yield, with no overreduction product as determined by crude '"H NMR; 37% of the starting material
was also recovered. Protection of the trans-lactam 3.113a as the N-silyl lactam 3.137a occurred in
45% yield, with 38% of the starting material recovered. N-Silyl lactam 3.137a provided allene
3.138a in 30% yield with a 7% yield of the over-reduction product. Although the methylene moiety
of the N-silyl lactams appeared slightly less vulnerable to conjugate reduction by Stryker’s reagent,
the low to moderate yields obtained for silyl protection and deprotection, stability of the silyl
group, low yields for the allene formation, and our inability to prevent reduction of the a-
methylene-y-lactam led us to consider alternative strategies for the formation of 1,1-disubstitued

allenes from a ketone moiety.

OPiv OPiv
—  TBSCI, EtN, == —
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SN 16 h N S, 15h N —pp
H Ph TBS TBS
3.113b 3.137b, 60% 3.138b, 25% +

recovered 37% 3.137b
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3.113a 3.137a, 45% + 38% 3.113a 3.138a, 30% + 7% over-
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Scheme 3.27. Use of N-silyl a-methylene-y-lactams in the formation of 1,1-disubstituted allenes.
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Several alternative strategies to form 1,1-disubstituted allenes from a ketone moiety were
examined and tested on our lactam substrate (Scheme 3.28). The first was a modification to Myer’s
deoxyallenylation that displaces the propargyl alcohol of 3.112a with nitrobenzenesulfonyl
hydrazide followed by loss of nitrogen gas and toluene sulfinic acid to give allenes.!**!*7 Another
strategy we examined was the Petasis allenylation, which converts the ketone of 3.122a directly
to the allene using a divinyl dicyclopentadienyl titanium reagent.'® The final strategy examined

was the Tsuji reduction, which converts a propargyl carbonate or formate to the allene under

palladium catalyzed conditions.!*”2%!
0CO,Me
OH } \>€\:
= Myers . = Tsuji
) =~
N° S
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" 3.140
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Scheme 3.28. Alternative strategies to access 1,1-disubstituted allenes.

The exploration of alternative allene formation conditions began by attempting a recently
reported Lewis and Brensted acid catalyzed reductive deoxyallenylation of propargyl alcohols
using 2-nitrobenzenesulfonylhydrazide (NBSH), which provided mono-, 1,1-di, and 1,1,3-
trisubstituted allenes in yields of 42-89%.'°” This reaction is complementary to previously reported

allene formations using NBSH by Myers, which were applicable to primary and secondary
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propargyl alcohols as Mitsonobu conditions were used to displace the alcohol, providing
intermediate. Upon warming of the intermediate hydrazide to rt, spontaneous loss of nitrogen and
p-toluenesulfinic acid occur to generate monosubstituted and 1,3-disubstituted allenes in yields of
51-91%."° The Lewis and Brensted acid catalyzed conditions were applicable to secondary and
tertiary alcohols, although, in the formation of 1,1-disubstituted allenes, all of the reported
substrates were benzylic, tertiary alcohols. Despite this observation, propargyl alcohol 3.112a was
submitted to the reported conditions by dissolving 3.112a in nitromethane, followed by addition
of NBSH (3.141), silver triflate, and triflic acid in that order (Scheme 3.29). The reaction was
stirred at rt for 1 h, but no reaction was observed by TLC, so it was heated to 35 °C for 30 min.
The reaction still showed starting material, but several new spots were observed, and the NBSH
had been consumed. After quenching with saturated ammonium bicarbonate solution, extraction
with Et20, and chromatographic purification, 50% of the starting material was recovered and the
other compounds observed by TLC appeared to be byproducts of NBSH such as sulfinic acid.
Since no formation of the desired allene was detected, and because only benzylic alcohols were

reported in the literature, this transformation was not pursued further.

\7/
S’ _NH,
N
C
NO,
OH 3.141

— AgOTf (20 mol%)

& N No product detected,

7< - 50% SM recovered,

@) N S TfOH (10 mol%), NBSH consumed
H TIPS CH3NO,,
rt 1h, then 35 °C,

3.112a 0.5h

Scheme 3.29. Attempt at deoxyallenylation of tertiary, alkyl propargyl alcohol.
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The Petasis allenylation is a transformation that converts a ketone or aldehyde directly into
an allene via a titanocene alkenylidene intermediate.!”® The titanocene is formed by treating
bis(cyclopentadienyl) titanium(IV) dichloride (Cp2TiCl2) with 2 equiv of an alkenyl Grignard
reagent which reacts with carbonyls to form allenes in a single pot. Petasis reported yields of 77-
88% for this reaction with propynals and aryl aldehydes, 72 and 81% for a vinyl and aryl ketone,
respectively, and 40% for a cyclohexanone derivative.'”® This reaction was performed according
to the literature procedure, which involved dropwise addition of vinyl magnesium bromide (4
equiv) to a -40 °C solution of Cp,TiCl> (2 equiv) in THF, slow warming of this solution to 0 °C
over 2.5 h, addition of ketone 3.122a (1 equiv) dissolved in THF, and allowing this to warm to rt
(Scheme 3.30). The reaction was monitored by TLC but did not reach completion after 3 h. After
purification, only 6% of the desired allene 3.125 was isolated, along with 46% of recovered starting
material. A longer reaction time (22 h) and increased amount of titanium reagent (4 equiv) gave a
slightly higher yield of 16%, but only 10% of the starting material was recovered. This reaction
was then performed with ketone 3.149, containing an N-aryl lactam, because it was proposed that
the secondary amide could be reacting or coordinating to the titanium reagent. The intermediate
titanium species are reported to be minimally stable and unable to be isolated.!”® Additionally,
only a minimal increase in yield was observed upon longer reaction times with the secondary
amide 3.122a, thus this reaction was quenched after 4 h, despite the observation of starting material
by TLC; 17% of desired allene 3.150 was isolated and 44% of the starting material 3.149 was
recovered. A previous post-doc in our lab, Dr. Bo Wen, had attempted this reaction on a similarly
structured lactone (Ph substituted alkyne instead of TIPS) and obtained similarly low yields of 10-

20%.%% Considering these results and that Petasis had obtained only a moderate yield of 40% for
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a dialkyl ketone, other methods for allene formation were explored. In the synthesis of (+)-
bakuchiol, allenylation of a simple dialkyl ketone under these conditions provided the allene in

only a 4% yield, while conditions reported by Tsuji provided the allene in 65% yield from a

propargyl carbonate.?%?

} /\MgBr }.\
< Cp,TiCl, —

S
N
.
y

THF,
(@] ~ o ’ (@) N Q
ng ~1ps -40 > 0°C (2.5h) > rt, R TIPS
3-22 h
3.122a: R=H 3.125: R = H, 3 h, 6% with 46% SM rec. (2 equiv Ti)
3.142: R =4-CF3-CgH, 3.125: R = H, 22 h,16% with 10% SM rec (4 equiv Ti)

3.143: R = 4-CF3-CgHy, 4 h, 17% with 44% SM rec (3 equiv Ti)

Scheme 3.30. Petasis allenylation.

The next method attempted for the formation of 1,1-disubstituted allenes was the palladium
catalyzed hydrogenolysis of propargyl carbonates or formates, first reported by Tsuji.!*-2°!
Secondary and tertiary propargyl carbonates with alkyl or aryl substituents were treated with
tris(dibenzylideneacetone)dipalladium(0)-chloroform adduct, n-butylphosphine (2:1 ligand:Pd),
and ammonium formate to provide allenes in yields of 66-87% (Scheme 3.31). Additionally,
propargyl formates underwent a similar reaction without addition of ammonium carbonate. Tsuji’s
conditions were only applied to terminal alkynes. More recently, Sawamura et al. reported that
propargyl formates treated with palladium(II) acetylacetonate and diphenylphosphinoethane (1:1)
provided 1,3-di or 1,1,3-trisubstituted allenes in good yields of 83-99%.2%*

In order to test the Tsuji reduction, we set out to make propargyl carbonates using the same

conditions applied to formation of propargyl pivalates discussed above. Other conditions to form

carbonates, such as deprotonation and reaction with methyl chloroformate or quenching of a
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Grignard reaction with methyl chloroformate were expected to react with the lactam nitrogen.
Treatment of propargyl alcohol 3.124a with scandium(III) triflate and diethyl dicarbonate failed
to provide carbonate any product, and only starting material (80%) was recovered after 22 h
(Scheme 3.31). Carbonate 3.144 was prepared by quenching the Grignard reaction of ketone
3.122a and ethynyl magnesium bromide with methyl chloroformate. The ester on the lactam
nitrogen could be removed under basic conditions.!*® 2% As expected, these conditions provided
carbonate 3.144, where the nitrogen and oxygen atoms both reacted. However, the product 3.144
was obtained in only a 10% yield. Upon submission of carbonate 3.144 to the Tsuji reduction

conditions, no product was obtained, and only starting material was detected in the crude '"H NMR

spectrum.
O O
EtO)J\O)J\OEt
Sc(OTHf)3
\/ - No product detected,
N - rec. SM 80%
MeCN, rt,
22 h
. OCO,Me
\C}\\ ==—MgBr == Pdy(dba)s ‘CHCl (10 mol%)
° nBusP (40 mol%
R 1) THF, 0 °C, 3 h‘ R 3 i, 0)‘ no prod detected,
- [ ~ rec. SM, not purified
2) MeCO,Cl rt, © HCO,NH,4 for yield
(@) N 16 h THF, rt, 22 h
H TIPS
3.122a 3.144, 10%

Scheme 3.31. Propargyl carbonate formation and Tsuji reduction attempts.

An N-formyl group is removed under milder conditions than an N-ester moiety (sodium

205

carbonate’®” vs sodium methoxide).?®® Thus, we sought to prepare propargyl formates from
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propargyl alcohols under several reported conditions. It was expected that formylation of the
lactam nitrogen in addition to formylation of the propargyl alcohol would occur, but the N-formyl
group could be easily removed with sodium carbonate under mild conditions. Attempts to
formylate tertiary propargyl alcohol 3.124a with iodine in neat formic acid,*’’ para-

toluenesulfonic acid in neat formic acid,?*®

or acetic anhydride and formic acid in pyridine®® all
failed to formylate either the hydroxyl group or the lactam nitrogen. Tertiary formates are reported

to be unstable (Scheme 3.32).2%!

I
—— rec. SM 50%

HCO,H,
OH rt, 2 h

= pTsOH
—K— rec. SM 65%

H TIPS HCO,H,
rt, 17 h

Ac,0, HCO,H
rec. SM, not
purified for yield
pyridine,
rt, 16 h

Scheme 3.32. Attempts to formylate tertiary, propargyl alcohol.

After these failed attempts to form allenes, the formylation and Tsuji reduction conditions
were tested on a model substrate 3.146 to determine if the lactam was the problem in these
reactions. Addition of ethynyl magnesium bromide to 3-tert-butyl cyclohexanone (3.145) in THF
at 0 °C provided the intermediate alkoxide (Scheme 3.33). TLC indicated consumption of the
starting material in 1 h, so methyl chloroformate was added and the reaction was allowed to warm

to rt for 3 h to afford propargyl carbonate 3.146 in 69% yield after aqueous work-up and
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chromatographic purification. Similarly, cyclohexanone 3.145 was treated with ethynyl
magnesium bromide and quenched with saturated ammonium chloride to provide propargyl
alcohol 3.147 in 56% yield. Propargyl carbonate 3.146 was subjected to the Tsuji reduction
conditions described above, but this reaction provided none of the expected allene, despite a
cyclohexyl propargyl carbonate being reported to undergo allene formation in 66% yield by Tsuji.
The palladium catalyst was purified according to the method reported by Ananikov, who also
reported that commercially available tris(dibenzylideneacetone)dipalladium(0) commonly
contained significant amounts (up to 40%) of palladium nanoparticles.?’” The simple purification
procedure involved dissolving tris(dibenzylideneacetone)dipalladium(0) in excess chloroform,
filtering off the insoluble impurities, concentrating, dissolving in a minimal amount of chloroform,
adding acetone (4:1 with CHCls), and cooling to -20 °C overnight in the freezer. The purified
tris(dibenzylideneacetone)dipalladium(0) was filtered, washed with acetone, and dried under
vacuum. When propargyl carbonate 3.146 was subjected to the Tsuji reduction conditions using
the purified palladium catalyst, 56% of the expected allene was obtained. However, this reaction
required 4 d at rt to reach completion, so propargyl formates were pursued to obtain allene 1,1-

disubstituted allenes in a higher yield and shorter reaction time.
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0 = MgBr \ 0CO,Me 0 AN o

1) THF, 0°C, 1h = MgBr
2) Me%(azCl, rt, THFig ©
3.145 3.146, 69% 3.145 3.147,

56%

Pds(dba); ‘CHCI3 (5-10 mol%)
nBusP (20-40 mol%)
HCO,NH, Only SM detected by TLC

N
/N

AN THF, rt — 40 °C
PCOzMe 24-48 h

\

56% with recrystallized Pd,(dba);

sz(dba)3 CHC|3 (10 mol%) CHC|3 and recrystallized
nBusP (40 mol%) HCO2NH,4
3.146 HCO,NH,
THF, rt,
96 h 3.148

Scheme 3.33. Propargyl carbonate formation and Tsuji reduction on model substrate.

In order to formylate tertiary, propargyl alcohol 3.147, a 41 set of formylation conditions
were tested, using 2-hydroxy pyridine with dicyclohexylcarbodiimide (DCC) and formic acid to
generate N-formyl pyridone 3.148, which is the active formylating reagent (Scheme 3.34).204 210
Propargyl alcohol 3.147 was added to a premixed solution of 2-hydroxy pyridine, DCC, and formic
acid in DCM at 0 °C and the resulting mixture was allowed to warm to rt for 16 h. TLC indicated
that starting material was still present, therefore, additional 2-hydroxy pyridine, DCC, and formic
acid were mixed at 0 °C and added to the solution which was then allowed to stir for an additional
24 h (40 h total rxn time). This reaction still failed to go to completion, but after purification, 50%
of the desired formate 3.149 was obtained; 50% of the starting material 3.147 was also recovered.

This reaction was repeated with 3 equivalents of formylating reagents (2-hydroxy pyridine, DCC,
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formic acid) to provide only 13% of formate 3.149 with 71% recovered starting material after 16
h. Formylation with para-toluene sulfonic acid and formic acid also failed to give formate 3.149.
Allene formation using formate 3.149 under the conditions reported by Sawamura et al. failed to

provide any detectable product by TLC after 3 d at rt.

AN

\\ OH 1) 2-OH-pyridine

OCO,H
DCC, HCO,H "BuzP (10 mol%)
"o ’ Pd(acac), (10 mol%
DCM, 0°C, 2 h (acac), (10 mol%) -
> /N - No product detected
2)0°C—>rt, 16 h toluene, rt
72 h
3.147 X 3.149
| 50% + rec SM 50% (2
N o) additions of formylating
reagent)
H™ ~O
13% + 71% rec SM (single
‘ 3:‘:8 addition of 3 equiv
Orr:aézr']?g formylating reagent)

Scheme 3.34. Formylation of model substrate and attempted decarboxylative hydrogenolysis.

Based on the lower yield obtained for allene formation in model systems 3.146 and the
difficulty in forming tertiary propargyl formates or carbonates, especially with the lactam
substrates, these conditions were not further pursued. Thus, allene formation from propargyl
pivalates was performed with Stryker’s reagent, despite the moderate yields and chemoselectivity

of this reaction.
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3.4.6. Modification of the Lactam Nitrogen of Allene-ynes

The aryl substituent of N-aryl acrylamides has been shown to influence the rate of glutathione
addition to acrylamides, with electron withdrawing substituents increasing the rate and electron
donating substituents decreasing the rate (see Chapter 1).°"°* It was proposed that coupling an aryl
halide to the lactam nitrogen using either copper or palladium catalyzed conditions developed by
Buchwald and coworkers would provide N-aryl and N-heteroaryl o-methylene-y-lactams.!” 2!!
Additionally, it was proposed that modifying the lactam nitrogen with electronically different aryl
groups would provide a method of systematically changing the electrophilicity of the Michael
acceptor by changing the electron withdrawing strength of the aryl substituent.%-3! %
Functionalization of the lactam nitrogen after the APKR has obvious advantages when considering
the preparation of the widest array of analogs. However, the secondary amide of lactam-tethered
allene-ynes was modified to investigate both the scope of the allenic Pauson-Khand reaction and
the effects of the nitrogen substituent on the electrophilicity of the a-methylene-y-lactam Michael
acceptor.

Buchwald’s copper catalyzed amide arylation has been shown to form N-aryl amides and
lactams from 4, 5, and 6 membered lactams 3.150, primary alkyl or aryl amides, and secondary
alkyl or aryl formamides 3.154 in good yields of 63-99% (Scheme 3.35). These conditions use
copper iodide (1-10 mol%) as the copper(l) source; 1,2-diamine ligands 3.151 or 3.152 (2:1
copper:ligand ratio); aryl and heteroaryl iodides or bromides; potassium phosphate, cesium
carbonate, or potassium carbonate as a base; and toluene or 1,4-dioxane as the solvent at 80-110

°C for 15-24 h. These conditions proved general and tolerant of various functional groups, but

were problematic for sterically hindered, secondary alkyl amides; they have also not been shown
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to arylate a-methylene-y-lactams or substituted y-lactams such as ,0-substituted a-methylene-y-

lactam 3.114.
o ArX, Cul (1-10 mol%) o ArX =
0,
HN ligand L (10 mol%) - Ar\N |
K3PO4, CSchS, or K2CO3 MeZN
n=0-2 toluene or dioxane, 80-110 °C, n=0-2
15-24 h
3.150 L= 3.153, 63-99%
NH,
O,NHMe NHMe |
or [
“NHMe NHMe ON @ /©
|
o)
) ArX, Cul (1-10 mol%) Ar )j\
HNJ\RZ ligand L (10 mol%) SNTUR?
R KsPO,, Cs,CO3, or KyCO3 R OMe Br
toluene or dioxane, 80-110 °C, Br
154 3.155, 63-999
313 15-24 h A’ \ES) P
R'=H, R2 = alkyl, aryl / NN
R' = alkyl, aryl, R? = H

Scheme 3.35. Copper catalyzed amidation of aryl halides.

Mechanistic studies on the copper-catalyzed arylation of amides by Buchwald and others
have shown that N-arylation reactions go through a 2-stage process involving nucleophile
formation in the first stage followed by copper mediated aryl-halide activation (Scheme 3.36).
Furthermore, these studies have shown that a copper(I)-nucleophile complex must form prior to
aryl halide activation.?!> Based on the observation that high concentrations of amide 3.156 and
1,2-diamine ligands 3.162 increase the catalyst efficiency and that stoichiometric amounts of
preformed copper(I) amidates 3.157 react to form N-aryl lactams upon addition of a 1,2-diamine

ligand and aryl iodide 3.158, it was proposed that the catalytically active species in the reaction is
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copper(I) amidate 3.157 (Scheme 3.36).2!2 In stoichiometric reactions, copper(I) amidates existed
as oligomers 3.161 in solution, as shown by broad peaks in the '"H NMR spectrum, which
sharpened upon addition of a 1,2-diamine 3.162 to form a single, monomeric species with a copper
to amide ratio of 1:1. The copper(I) amidate oligomers 3.161 exist in rapid equilibrium with the
catalytically active copper(I) amidate 3.157 and the copper(I)-ligated diamine complex 3.160.
Buchwald and coworkers observed that electron-deficient aryl iodides underwent the N-
arylation more rapidly than electron-rich or electron neutral aryl iodides for both stoichiometric
and catalytic reactions.?!? The relatively low p-value of +0.48 derived from the Hammet plot of
para-substituted aryl iodides and the low enthalpy of activation (AH* = 6.8 kcal/mol) suggest that
little bond cleavage or build-up of negative charge occurs in the transition state for aryl iodide
activation, implying that oxidative addition is not the rate-determining step in the second stage of
N-arylation; in contrast, oxidative addition of Pd(0) has a rho value of 2.3 and enthalpy of
activation equal to 18.4 kcal/mol and is the rate determining step.2!? This led to the proposal that
the rate determining step in stage 2 of the copper(I) catalyzed N-arylation with aryl iodides is either
copper(I)-radical anion formation to give complex 3.163 or n*> complex formation to give 3.164.
In the first case, radical anion-copper(Il) complex 3.163 could undergo rapid halide transfer to
copper(Il), radical combination to form copper(Ill) species, and reductive elimination to provide
N-aryl lactam 3.159. Electron-deficient aryl iodides would facilitate the initial single electron
transfer from copper to the aryl iodide in this case.?'? Alternatively, slow formation of an n>
complex 3.164 followed by fast oxidative addition to give 3.165 and fast reductive elimination to
provide N-aryl lactam 3.159 is possible. In this case, electron-deficient aryl iodides could facilitate

formation of the n*> complex by lowering the LUMO of the aryl iodide.
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Stage 1: Nucleophile Formation
(rate determining step)

o)
N,
K,HPO, L Cu-N
N
KX 3.157
0
HN
NJ
é Cllu'—X
3.156 N 3160
K3PO
st X = lor PO

Cu(ll)-radical anion
formation

sl

3.162
3.161
0
Ne.
(_/(Ilu—N
N

0
K3PO, H’\é 3.157
3.156/
Ne |

Rate-determining

step for Stage I

Cu'-X n? complex
N 3.160 formation
X =1lor PO*

Scheme 3.36. Proposed mechanism for copper catalyzed N-arylation (Buchwald).

Stage 2: Cu(l)-Mediated Aryl Halide Activation
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Buchwald reported that potassium carbonate was superior to potassium phosphate or

cesium carbonate when N-arylation reactions were performed with aryl bromides because N-

arylation of the 1,2-diamine ligand led to catalyst deactivation when the less reactive aryl bromides

were used and that stronger bases increased the amount of N-arylated diamine.!”® Thus, it was

proposed that sterically hindered lactam 3.114 would slow the reaction with aryl iodides. N-

arylation of 3.114 with iodobenzene was initially attempted in toluene at 80 °C for 24-48 h with

potassium carbonate as the base and N,N-dimethylcyclohexyldiamine (3.166) as the diamine

ligand, but only 16-27% yield of N-aryl lactam 3.168 was obtained along with 20-25% recovered
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starting material (Scheme 3.37). Using a less bulky diamine ligand, N, N-dimethylethylenediamine
(3.167), the active copper-ligated diamine was expected to react faster with lactam 3.114, but this
gave similar yields as N,N-dimethylcyclohexyldiamine 3.166. Similar yields were also obtained
when the amount of copper iodide and 1,2-diamine ligand were increased to 30-40 mol% Cul and

60-80 mol% ligand.

N

Arl, Cul (20 mol%)
. K,CO; =

S > S
\ toluene, 80 °C, 24-48 h
0PN NHMe O7NT =,
H Ph O’mo mol%) Ar
“NHMe
3.114 3.166 3.168: Ar = Ph, 25%

N 3.169: Ar = 4-CF3-CgH,4, 16%*
MeHN NHMe 3.170: Ar = 4-OMe-CgHg, 19%*
(40 mol%) 3.167

Scheme 3.37. N-Arylation of lactams with potassium carbonate as a base.

A stronger base should facilitate formation of the copper-lactam complex (e.g. 3.157,
Scheme 3.36). Thus, N-arylation of allene-yne 3.114 was performed with cesium carbonate as a
base. This provided N-phenyl lactam 3.168 in 44% yield and complete conversion of the starting
material based on TLC analysis. The lactam nitrogen was arylated with various aryl iodides using
these optimized conditions: 20 mol% copper iodide, 40 mol% N, N-dimethylethylenediamine, 1.2
equiv aryl iodide, 2 equiv cesium carbonate, and 1 equiv lactam 3.114 were stirred in toluene at
80 °C in a sealed tube, under a nitrogen atmosphere for 20 h. These conditions allowed the
installation of electron withdrawing and an electron donating groups, affording N-aryl lactams
3.168-3.172 in 42-63% yield (Scheme 3.38). Arylation with 4-iodobenzotrifluoride, 4-iodoanisole,

and 4-iodobenzonitrile provided lactams 3.168-3.171 in 47, 63, and 42% yields, respectively.
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Arylation of lactam 3.114 with 2-iodothiophene demonstrates the feasibility of installing a

heteroaryl substituent using this methodology. Compounds 3.168-3.172 could be identified by

disappearance of the broad singlet resonance between 5-7 ppm in the 'H NMR, corresponding to

the hydrogen on the lactam nitrogen, as well as new resonances in the aromatic region of the 'H

NMR spectra. The increased conversion of starting material to N-aryl lactam when cesium

carbonate was used as a base compared to potassium carbonate suggests that formation of the

copper(l)-amidate was slowed by the weaker base and that reaction with the aryl iodide was not

the slow step, which is consistent with the studies by Buchwald on the less sterically hindered,

unsubstituted 2-pyrrolidinone.

\_><.§ Arl, Cul (20 mol%)
K Cs,CO3

~
N
L

toluene, 80 °C, 20 h

N Ph NHMe
H 0’(40 mol%)
“NHMe
3.114 or
/N
MeHN NHMe
(40 mol%)

==

h

=
Q

3.168, 44%

}.§
N

~
~

o ~
N =>pp

OMe
3.170, 63%

ob\
N \P

CF3
3.169, 47%

3.171,42%

Scheme 3.38. N-Arylation of lactam-tethered allene-ynes.
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Arylation of the lactam nitrogen in tricycle 3.116 using Buchwald’s copper or palladium
catalyzed conditions resulted in recovery of starting material (80 °C) or decomposition (110 °C).
These results are consistent with the crystal structure of tricycle 3.116 showing that the lactam
nitrogen is hindered by the phenyl substituent of the cyclopentenone, which is why the N-arylation
of this substrate failed (Figure 3.2).!7%2!!

In addition to the N-aryl lactams above, lactams with stronger electron withdrawing groups
on the nitrogen were proposed to significantly increase the electrophilicity of the a-methylene-y-
lactam Michael acceptor. Moreover, if lactam tethered allene-ynes were tolerant to deprotonation
and nucleophilic addition to an electrophile, then the substrates available by a late stage
modification methodology would include N-aryl, N-acyl, and N-alkyl lactams. Tosyl lactam 3.173
was formed in 39% yield by deprotonation of the lactam nitrogen of 3.114 and addition to tosyl
chloride (Scheme 3.39). This reaction resulted in some reaction of the sodium hydride with the a-
methylene, as noted by disappearance of the o-methylene hydrogens from the 'H NMR of some
byproducts. Other unidentified decomposition products resulted in this low yield. Although these
yields were moderate, these substrates demonstrated the moderate stability of our lactam-tethered
allene-ynes to a strong base (NaH) and to nucleophilic acyl substitution reactions. Further
optimization of substitution reactions involving deprotonation of the secondary amide with a
strong base are needed for these reactions to be synthetically useful. However, this provided a
substrate with a strong electron withdrawing group for thiol reactivity and bioactivity studies. As
tert-butyl carbonate is a common amide protecting group, its stability to the APKR was of interest.
An A'3-interaction between the tert-butyl group and the phenyl ring of the APKR product was
expected, and we wished to examine the feasibility of bulky nitrogen substituents as well as

carbonates as substrates in the APKR. Towards this end, the nitrogen of lactam 3.114 was protected
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with a carbonate group using di-tert-butyl dicarbonate, triethylamine, and dimethylaminopyridine

to give carbonate 3.174 in 57% yield.

NaH, TsCI
ﬁ
DMF 0°C =

S 3.173, 39%
(@] =
N ~>pn —
Boc,0, DMAP R —
3.114 NEt; \
—_—
DCM, 0
y O —
o N =~
%_h)rt Boc Ph
3.174,57%

Scheme 3.39. Nucleophilic addition of lactams to electrophiles.

3.4.7. Modifications to the Alkyne Terminus

It was hypothesized that the alkyne could be modified by removing the triisopropyl silyl
substituent and utilizing the resulting terminal alkyne to perform substitution or coupling reactions.
Additionally, various alkyne substituents were pursued to examine the scope of the APKR with
lactam-tethered allene-ynes. Installation of a methyl group at the terminus of the alkyne would
provide tricycles that are identical to the 6,12-guaianolide skeleton with a lactam in place of the
lactone (Section 3.1, Figure 3.1). The terminal alkyne could potentially be modified by
Sonogashira coupling reactions to diversify the aryl substituent on the alkyne at a late stage in the

synthetic sequence.
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The TIPS group was removed from alkyne 3.125 to give the corresponding terminal alkyne
3.175 in 77% yield. 'H NMR showed disappearance of the singlet resonance at 1.0 ppm
corresponding to the hydrogens on the TIPS group, and a new doublet resonance appeared at 2.39
ppm for 3.175, corresponding to the terminal alkyne hydrogen (Scheme 3.40). Bis-methylation of
lactam 3.175 at the alkyne terminus and the lactam nitrogen was attempted by deprotonating this
substrate with 2 equiv of lithium diisopropylamide (LDA) and reacting with methyl iodide, but an
inseparable mixture of bismethylated lactam 3.176 and N-methylated lactam 3.177 were obtained
in a 1:1 ratio and 64% overall yield. This mixture was subjected to LDA and methyl iodide a
second time to achieve bismethylation, but an inseparable mixture of products 3.176 and 3.177
was obtained in a low yield of 33% and only a slightly better ratio of 2:1. "Butyllithium was used
as a base instead of LDA, but this gave a mixture of the mono and bismethylation in 45% yield

and a 2:1 ratio; other unidentified impurities were also observed in the 'H NMR spectrum.
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Scheme 3.40. Modification of alkyne substituents.

It was proposed that alkyne methylation would be easier to achieve if the lactam nitrogen

was unreactive. Thus, arylation of the secondary amide of 3.125 under the arylation conditions

discussed in the previous section afforded the N-arylated lactam in 77% yield (Scheme 3.41). The

TIPS substituent of was removed with TBAF to afford terminal alkyne 3.178 79% yield. The
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tertiary amide of 3.178 was expected to be unreactive to the alkyne methylation conditions. As
decomposition of alkynes containing a secondary amide was evident when strong bases were used,
deprotonation of alkyne 3.178 was first attempted with lithium hexamethyldisilazane (LIHMDS)
which is one of the weaker bases capable of deprotonating an alkyne. With methyl iodide as the
electrophile, and keeping the reaction at -78 °C, reaction of terminal alkyne 3.178 provided a 2:1
ratio of starting material to product 3.179 with a quantitative crude yield after aqueous work-up.
This ratio was determined by integration of the resonances corresponding to the hydrogen at the
y-position of the lactam (labeled Ha) at 4.48 ppm for terminal alkyne 3.178 and 4.42 for internal
alkyne 3.179. Using similar conditions, but allowing the reaction to react for 2 h at -78 °C then
warm to 0 °C for 1 h resulted in decomposition, as evidenced by disappearance of the a-methylene
resonances from the crude 'H NMR spectrum. Using LDA as the base, as in the reaction above
also resulted in decomposition and a 13% yield of an unknown byproduct that still retained the

terminal alkyne.

1. Phl, Cul (20 mol%), Cs,COs, }.§
= toluene, 80 °C, 24-48 h,

S L (40 mol%) N
e} — 7% - @) N Q
N =~Tips - B, H
2. TBAF,THF,0 °C, 0.75 h
3.125 3.178, 79%
L=

MeHN NHMe (40 mol%)

} LIHMDS (1.4 equiv), ‘\ﬁ\.§
. = Mel (2 equiv)

-_ H
o — THF, -78°C 2h — ¥ SM
N =
Pn o H Ph Me
3.178 3.179 1:2, crude yield, quant. 3.192

Scheme 3.41. Alkyne methylation with tertiary amide.
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Exploration of alkyne methylation with 1-decyne (3.180) demonstrated that the
methylation of a terminal alkyne with methyl iodide and "BulL.i as the base required about 2 h at -
78 °C for complete methylation (Scheme 3.42). However, the use of a stronger base ("BuLi) with
lactam 3.178 and keeping the reaction at -78 °C resulted in decomposition, where disappearance
of the a-methylene resonances in the '"H NMR was observed. For secondary amide 3.175 above,
less decomposition was observed when "Buli was used as the base. Deprotonation of the
secondary amide should stabilize both the a-methylene and the lactam carbonyl from nucleophilic
attack, which is why tertiary amide 3.178 is less stable to a strong base. When 1-decyne 3.180 was
deprotonated with LIHMDS and methylated with methyl iodide, a 1:1 mixture of product to
starting material was obtained after 6 h at -78 °C even when a large excess (10 equiv) of methyl
iodide was used, indicating that this reaction is slow when kept at low temperatures. Indeed, many
literature procedures that utilize methyl iodide as the alkylating reagent involve warming to 0 °C
or rt. Investigations of alkyne methylation with a more reactive methylating reagent, methyl

triflate, are ongoing, as these reactions proceed at low temperatures with LIHMDS as a base.?!?
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"BulLi (2 equiv),
MH Mel (5 equiv) M
6

THF, -78 °C, 2 h 6
3.181
3.180
crude yield, quant.
\\\\ﬁ\'§ "BuLi (2 equiv),
i_g\ Mel (5 equiv)
—_—_—
o Decomposition
0N T, THF, -78 °C, 2 h P
Ph
3.178
H LIHMDS (2 equiv),
Mel (10 equiv
M B, SM k\}\/
6 THF, -78 °C, 6 h 6
3.180 3.180  1:1 3.181

crude yield, quant.

Scheme. 3.42. Alkyne methylation at low temperatures with model substrate.

Procedures to methylate the terminal alkyne of lactam 3.175 or 3.178 are still being tested.
An alternative method to synthesize methyl alkynes would be to install the methyl alkyne during
the lactamization reaction by using 2-butynal as the aldehyde in place of phenyl or TIPS propynal,
but late stage modification is more advantageous. Future work could also involve Sonagashira
coupling on the terminal alkyne to install various alkenyl and aryl substituents.

Terminal alkynes of cis lactams were prepared analogously to the trans lactams. In one
case, the TIPS substituent was removed from a mixture of alkynes (3:1) 3.135:3.136 with
tetrabutylammonium fluoride (TBAF) to give terminal alkynes 3.182 and 3.183 in 67% yield, and
a slightly decreased ratio of a-methylene lactam 3.182 to a-methyl lactam 3.183 from 3:1 in the

starting material to 2:1 in the products; lactams 3.182 and 3.183 were still inseparable by column
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chromatography Scheme 3.43). The ratio was determined by integration of Hy, at 4.4 ppm for a-

methylene lactam 3.182 and 4.2 ppm for o-methyl lactam 3.183 in the 'H NMR spectrum.

f

TBAF
H H
5 b THF, 0°C, o
N© =S Tps  1h No =S
N TIPS H N H
3.135 3:1 3.136 3182 67%,21  3.183

Scheme 3.43. Removal of TIPS substituent from cis lactams to generate terminal alkynes.

3.5. ALLENIC PAUSON-KHAND REACTION OF a-METHYLENE-y-LACTAM

TETHERED ALLENE-YNES

With the a-methylene-y-lactam-tethered allene-ynes in hand, the scope of the allenic Pauson-
Khand reaction was examined. 1,1-disubstituted allenes underwent the APKR to give the fused
tricyclic structures 3.56, 3.116, 3.184-3.192 in yields of 41-79%. The typical conditions used in
this reaction utilized 10 mole percent of rhodium biscarbonyl chloride, 1 atmosphere of carbon
monoxide gas with toluene at 110 °C. The reaction was conducted by slow addition of an allene-
yne to the rhodium catalyst over 1 h via a syringe pump and stirring for 0.5 h after addition of the
allene-yne was complete.'®®

In most cases, this gave complete consumption of the starting material as observed by TLC.
As discussed in the feasibility studies, the N-methyl allene-yne 3.57 underwent the

cyclocarbonylation reaction in 75% yield, and the allene-yne with an unsubstituted nitrogen, 3.114,

gave a similar yield of 79% (Table 3.3, entries 1-2). TIPS-substituted alkyne 3.125 afforded 3.184
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in 47% yield (entry 3). The longer reaction time for 3.125 vs 3.114 (4 h vs 1.5 h) is likely due to
the developing A'* interaction between the TIPS group and the lactam. Moreover, a structurally
related lactone-tethered-allene-yne with a less bulky trimethylsilyl group on the alkyne underwent
an APKR in high yields and reaction times similar to a phenyl substituted alkyne.!'” Terminal
alkynes were tolerated well in the APKR as evidenced by the cyclocarbonylation reaction of
allene-yne 3.175 to provide lactam 3.185 in 62% yield (entry 4). Allene-ynes 3.168-3.171 where
tertiary amides were substituted with an N-phenyl, N-para-trifluoromethyl phenyl, N-para-
cyanophenyl, , or N-para-methoxy phenyl gave yields of 69, 67, 72, and 76% of tricycles 3.186-
3.189, respectively (entries 5-8). The reaction time nor the yield were significantly impacted by
the electronic nature of the aryl group on the lactam nitrogen. With a thiophene group on the
nitrogen atom, allene-yne 3.172 provided lactam 3.190 in 67% yield demonstrating that heteroaryl
groups are tolerated in this APKR (entry 8). The APKR of N-tosyl and N-Boc allenes 3.173 and
3.174 gave yields of 69 and 40% for tricycle formation, respectively (entries 9-10). The lower
yield of lactam 3.192 is attributed to the thermal instability of the Boc group at 110 °C.>!

Entries 1-2 and 5-7 in Table 2 demonstrate that the APKR with a phenyl substituted alkyne
is tolerant of alkyl, aryl (electron donating or withdrawing), sulfonyl, carbonate, and N-
unsubstituted o-methylene-y-lactam tethers. Entries 3-4 demonstrate the tolerance of TIPS-
substitution and terminal alkynes in the APKR. The structure of the [5,7,5]-ring system of 3.116
was confirmed by X-ray crystallography (Figure 3.2). All compounds synthesized by the APKR
are shown in Scheme 3.45.

In addition to the typical reaction conditions described above, the reaction was performed

by adding the allene in a single portion to the rhodium catalyst and stirring for 1 h at 110 °C

followed by cooling to rt and filtering through a plug of silica gel without the addition of polymer
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bound triphenylphosphine for entries 1-2, 4, 10-11 in Table 1; yields of 75, 75, 42, 63, and 41%
for entries 1, 2,4, 10, and 11 under these conditions compared to yields of 75, 79, 62, 69, and 40%,
respectively, under the slow addition conditions revealed that the yield was not significantly
affected by slow addition of the allene or by rhodium scavenging with polymer bound
triphenylphosphine. The exception to this was terminal alkyne 3.175, which gave an improved

yield under the more dilute conditions.

Table 3.3. Allenic Pauson-Khand Reaction (APKR) with trans-substituted a-methylene-y-lactam

tethered allene-ynes.

o= [Rh(CO),CI]
f (1(§ mo)I2%)2 >\'

-
CO (g) (1 atm) 07N

O N = R? PhMe, 110 °C II?1 ¥
R 0
Time Method A Method B
Entry  Allene R! R?> (min) Prod. Yield (%) Yield (%)
1 3.57 Me Ph 90 3.56 75 75
2 3.114 H Ph 90 3.116 79 75
3 3.125 H TIPS 300 3.184 47 ND
4 3.175 H H 90 3.185 62 42
5 3.168 Ph Ph 90 3.186 69 ND
6 3.169 4-CF3-CeHy Ph 90 3.187 67 ND
7 3.171 4-CN-CsH4 Ph 120  3.188 72 ND
8 3170 4-OMe-C¢Hs  Ph 90 3.189 76 ND
9 3.172  2-thiophene Ph 90 3.190 66 ND
10 3.173 Tosyl Ph 90 3.191 69 63
11 3.174 Boc Ph 90 3.192 40 41

These reactions were typically complete within 30 min after a slow addition of the allene to the
rhodium catalyst over 1 h (Method A) a) Only minor changes in yields were observed when allene
was added in a single portion and stirred for 1 h (Method B).
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Figure 3.2. Crystal structure of tricycle 3.116, showing the trans lactam.

\\}'§ [Rh(CO),Cl], (10 mol %) \,,,,
N CO (g) (1 atm) .
> 0
PhMe, 110 °C N
O N § R2 © Flz'l ;
R 0

R
40-79%
i“.. illl- iﬂn ilu-
0
|l\\l/|e H H H
Ph o) Ph o) TIPS O H O
3.56. 75% 3.116, 79% 3.184,47% 3.185, 62%
i illl- i‘“l ilu-
e
o)
0=\ 07N N 0= Ny
Ph PH Y
PH PH o)
PH o) 0
3.186, 69% FsC  3.187,69% NC 3.188, 72% MeO  3.189, 76%

Z

Y ax X
° N e
S
®Ph 0] PH 0 Ph (0]

3.190, 66% 3.191, 69% 3.192, 40%

Scheme 3.44. APKR with trans-substituted a-methylene-y-lactam tethered allene-ynes.
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Next, the impact of the a-methylene group on the efficiency and facileness of the APKR
was examined, using allene-ynes 3.134 and 3.194 (Scheme 3.45). The a-methyl substituted lactam
3.134, with cis substituted allene and alkyne groups, afforded the APKR product 3.193 in 77%
yield in 60 min when the allene was added in a single portion to the rhodium catalyst. This
demonstrated that the APKR can form cis-fused [5,7,5] ring systems and that the a-methylene did
not impact the APKR. a-Methyl substituted lactam 3.194, synthesized by removal of the TIPS
group from allene-yne 3.126 with TBAF, underwent the APKR in 90 min to afford 3.195 in 78%
yield as a 9:1 mixture of methyl diastereomers. A higher yield of 3.195 was obtained when
compared to the corresponding trans a-methylene-y-lactam 3.175 (78% vs 62%) with a terminal
alkyne. The dr remained the same as the allene-yne starting materials where 3.193 was obtained
as single diastereomer, and 3.195 was obtained with a 9:1 dr (determined by integration of H, in
the 'H NMR spectrum which appeared as a doublet at 4.50 ppm for the major diastereomer and
4.56 ppm for the minor diastereomer). Since the resonances in the 'H NMR of tricyclic products
3.193 and 3.195 were more distinct than the resonances in the allene-yne starting materials, the
tricyclic products were used to determine the relative stereochemistry of the methyl substituent
(see Section 3.6). The relative stereochemistry 3.193 and 3.195 was assigned by comparing
calculated coupling constants to experimental coupling constants. It is predicted that the major
diastereomer is the result of thermodynamic protonation of the intermediate copper enolate formed
during the conjugate reduction of the a-methylene moiety by Stryker’s reagent to give the o, trans

isomer.

137



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

CO (g) (1 atm)
PhMe, 110 °C,
60 min

[Rh(CO),Cll,
(10 mol %)
—>
0 == CO (g) (1 atm)

N TH PhMe, 110 °C,
90 min

3.194 9:1 dr 3.195, 78%, 9:1 dr

Scheme 3.45. APKR with a-methyl lactams.

Acylation of secondary amide 3.116, containing a phenyl substituent on the
cyclopentenone ring, proceeded slowly (20 h to completion by TLC) to afford 3.196 in a 40%
yield. Acylation of tricycles 3.185 and 3.195, with no a-substituents on the cyclopentenone,
reached completion in 2-3 h affording acylated lactams 3.197 and 3.198 in 78 and 46% yields,

respectively.
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\u-- ACZO1 NEt3 \||-.
DMAP
O™ >N DCM, 0°C—rt O7 °N
H Ac
R o}

R o)
3.116: R = Ph 3.196: R = Ph, 40%, 20 h
3.185:R=H 3.197:R=H, 78%, 2 h

ACZO, NEt3

DMAP__

DCM, 0 °C—rt
3h

3.198, 46%

Scheme 3.46. N-Acylation of tricyclic APKR products.

3.6. ASSIGNMENT OF RELATIVE STEREOCHEMISTRY OF a-METHYL-y-

LACTAMS BY CALCULATION AND NMR ANALYSIS

The stereochemistry of the methyl substituents of 3.193 and 3.195 was assigned by calculating the
coupling constants for both possible isomers using Spartan. The lowest energy conformers were
calculated using MMFF, and 'H NMR data was calculated for the lowest energy conformer using
B3LYP/6-31G* functionals. Cis-fused tricycle could have the stereochemistry shown in 3.193a,
where the methyl substituent is trans to the 7-membered ring or the stereochemistry shown in
3.193b where the methyl substituent is on the same face as the 7-membered ring. The calculations
indicated that 3.193a with the methyl substituent on the opposite face as the 7-membered ring was
0.5 kcal/mol more stable than 3.193b, and it was predicted that the more stable isomer would be

the major diastereomer. This diastereomer would arise from conjugate reduction of the a-
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methylene double bond followed by thermodynamic quenching of the resulting enolate. The
calculated 'H NMR coupling constants for the two possible methyl isomers were compared to the
experimental coupling constants, and the calculated values for 3.193a were closer to the
experimental values. For H,, the calculated coupling constant was 7.3 Hz for 3.193a and 6.7 Hz
for 3.193b, while the experimental value was 7.6 Hz (Table 3.4, entry 1). For Hy, the experimental
coupling constants of 2.4 and 7.2 Hz were closer to the calculated coupling constants for 3.193a,
1.3 and 6.6 Hz, than they were to 3.193b, 6.6 and 7.5 Hz (entry 2). The coupling constants could
not be determined for H, due to the complexity of the 'H NMR spectrum and the calculated values
for Hq, He, Ht, Hg, and Hy were not significantly different for the two possible isomers (entries 3-
8). Thus, the relative stereochemistry with the methyl substituent trans to the 7-membered ring
(3.193a) was assigned to the experimentally obtained compound based on the coupling constants
of Ha and Hp.

The relative stereochemistry of the trans-fused lactam with an a-methyl substituent was
determined analogously to the cis-fused lactam above. The two possible isomers 3.195a, with the
methyl substituent trans to the closest ring substituent, and 3.195b, with the methyl group cis to
the closest ring substituent are shown below (Table 3.5). Calculations from Spartan indicated that
3.195a was 2.5 kcal/mol more stable than 3.195b, and thus it was predicted that the relative
stereochemistry would match that shown in 3.195a. The calculated coupling constant for Ha of
3.195a was 10.0 Hz which matched the experimental value, but the calculated coupling constant
for Ha of 3.195b was 9.7 Hz (Table 3.5, entry 1). The experimental coupling constants for Hy of
7.0 and 11.0 Hz were much closer to the calculated values of 3.195a of 6.6 and 11.1 Hz than they
were to the calculated coupling constants of 3.195b, 6.6 and 8.8 Hz (entry 2). The experimental

coupling constants for He did not match either of the calculated values well, while the calculated
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coupling constants for the remaining hydrogens were not significantly different between 3.195a

and 3.195b (entries 3-8). Thus, the relative stereochemistry with the methyl substituent trans to

the nearest ring substituent as shown in 3.195a was assigned to the experimentally obtained

product based on the coupling constants of H, and Hp.

Table 3.4. 'H NMR Calculations Compared to Experimental Data for 3.193.

Hq He Hng

Entry Hydrogen Calculated 6 3.193a ppm

Calculated 6 3.193b ppm

Experimental 6 ppm

1

2

Ha

Hp

Hc

Ha

He

4.95 (J=17.3 Hz)
2.11 (J=1.3, 6.6 Hz)
240 (J=13,19,5.1,7.3

Hz)

2.09 (J=0.8, 5.1, 12.9 Hz)

1.76 (J=0.9, 1.9, 7.2 Hz)

2.74 (J=0.9, 12.9 Hz)
2.05(J=0.8,7.2 Hz)

1.20 (J = 6.6 Hz)

4.84 (J=6.7 Hz)
2.45(J=6.6,7.5 Hz)
2.60(J=1.6,5.6,6.7,7.5
Hz)

1.99 (J=10.8,1.6,7.3 Hz)
1.86 (J/=0.8,5.6,12.8
Hz)

2.70 (J=0.8, 12.8 Hz)
2.03 (J=0.8,7.3 Hz)

1.16 (J = 6.6 Hz)

4.98 (J=17.6 Hz)
2.46 (J=2.4,7.2 Hz)

2.35-2.23 (m)

2.05 (J=4.6,10.4, 14.0 Hz)

2.35-2.23 (m)

2.55 (J=8.0, 11.2 Hz)
1.84 (J=2.5, 6.0 Hz)

1.22 (J=7.2 Hz)
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Table 3.5. 'H NMR Calculations Compared to Experimental Data for 3.195.

Entry Hydrogen Calculated 6 3.195a ppm

Calculated 6 3.195b ppm

Experimental 6 ppm

1

2

Ha.

Hp

Hc

Ha

He

Hs

Hn

441 (J=10.0 Hz)

1.99 (J=6.6,11.1 Hz)
1.93 (J=8.5,9.2,10.0,
11.1 Hz)
2.18(J=4.7,8.5,12.5
Hz)

1.48 (J=2.4,4.9,9.2 Hz)
2.67(J=409,12.5Hz)
1.95 (J=24,4.7 Hz)

1.13 (J= 6.6 Hz)

4.50 (J=9.7)

2.33 (J=06.6, 8.8 Hz)
2.39WJ=17.9,8.8,9.7,9.9
Hz)
1.82(J/=4.8,79,12.4
Hz)

1.78 (J=12.3,5.0,9.9 Hz)
2.61 (J=5.0,12.4 Hz)
1.99 (J=2.3, 4.8 Hz)

1.10 (J= 6.6 Hz)

4.51 (J=10.0 Hz)
2.27 (7.0, 11.0 Hz)

221 (J=2.0,6.5, 12.5 Hz)

2.31-2.25 (m)

1.74 (J=3.0, 6.0, 9.5 Hz)
2.73 (J=6.5, 11.5 Hz)
1.91 (J=2.5,7.5 Hz)

1.19 (J=7.0 Hz)

3.7. APKR WITH CIS-FUSED, LACTAM-TETHERED ALLENE-YNE SUBSTRATES

Although the only cis lactam-tethered allene-yne that was isolated as a pure compound was the a-

methyl lactam 3.207 discussed above, mixtures of 3.135 and 3.136 or 3.182 and 3.183 were
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subjected to the APKR slow addition conditions. Cis lactams with TIPS-substituted alkynes 3.135
and 3.136 (3:1), afforded a 3:1 mixture of tricyclic products 3.199 and 3.201 in 40% combined
yield, a yield comparable to trans lactam 3.125 (Table 3.3, entry 3). The product ratio of 3.199 to
3.201 was determined by integration of Hp in the 'H NMR spectrum which appeared as doublets
at 5.01 and 4.65 ppm for 3.199 and 3.201, respectively. Lactams 3.199 and 3.201 were separated
for characterization purposes. An APKR time of 180 min was required for this TIPS-substituted
alkyne, just like the trans lactam 3.125. Terminal alkynes 3.182 and 3.183 (3:1), provided a 3:1
mixture of fused tricycles 3.201 and 3.202 in 41% combined yield. The product ratio of 3.201 to
3.202 was determined by integrating Hyp, which appeared as doublets at 4.72 and 4.54 ppm for
3.201 and 3.202, respectively. Based upon these two examples, there are only subtle differences

between the cis and trans lactams in the APKR.

= = [Rn(CO)CI,
(10 mol %)
Hp Ho CO(g)(1atm) 4
(0] = 0) = >
N SR N R toluene, 110 °C
90-180 min
3.135: R = TIPS 3.136: R=TIPS 311 .
3.182:R=H 3.183:R=H 3:1 IPS 40%, 3:1

41%, 3:1

Scheme 3.47. APKR of mixtures of a-methylene and a-methyl-y-lactams.
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3.8. ANALYSIS OF 3C AND 'H NMR DATA FOR ESTIMATING THE
ELECTROPHILIC REACTIVITY OF a-METHYLENE-y-LACTAM GUAIANOLIDE

ANALOGS

13C NMR can be used to estimate the electrophilicity of a given carbon, where resonances shifted
downfield correspond to more electrophilic carbon atoms. For example, scientists at Amgen
showed that, for a series of N-aryl acrylamides containing electron-donating and electron-
withdrawing aryl substituents, the chemical shift of the B-carbon and the B-hydrogen correlated
well with the rate of glutathione (GSH) addition to these acrylamides (see Chapter 1 for rate
data).’! The chemical shifts of the B-carbons ranged from 125.6-128.7 ppm and showed a
correlation coefficient (R?) of 0.80 to the rates of GSH addition to these acrylamides. The chemical
shifts of the most downfield B-hydrogens ranged from 5.65-5.86 ppm and correlated to the rate of
GSH addition with an R? of 0.71 for these structurally similar acrylamides.”’ When more
structurally diverse acrylamides were compared, such as N-aryl, N-alkyl and/or acrylamides with
substituents at the o or P position of the alkene, the *C NMR chemical shifts of the o and p-carbons
did not correlate to the rates of glutathione addition.”?

Based upon work described by Amgen, the chemical shifts of the a-carbons, -carbons,
and B-hydrogens were tabulated for tricyclic a-methylene-y-lactams in Table 3.6 as the first step
in establishing whether this data could be used to estimate electrophilic reactivity. The a and
carbons (C, and Cp) were assigned based on the DEPT135 spectra, while the more downfield -
hydrogen was assigned as Hp,. Overall, the results show that stronger electron withdrawing
substituents on the nitrogen atom result in a downfield shift of the B-carbon that correlates to the

expected electron withdrawing capacity of the substituent. For example, a methyl substituent and
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a hydrogen on the lactam nitrogen showed chemical shifts of the B-carbon at 115.55 and 115.33
(entries 1-2); it was observed that the cyclopentenone substituent had little effect on the chemical
shift of the B-carbon (compare entries 2, 3, and 5). Surprisingly, cis lactam 3.199 showed a
significant increase in the chemical shift of the -carbon from 115.73 ppm for trans lactam 3.184
to 118.48 ppm for 3.199, potentially indicating that cis a-methylene-y-lactams are more
electrophilic than trans substituted a-methylene-y-lactams (entries 3-4). This increase is likely due
to strain in the product because, prior to the APKR, the cis and trans lactams had similar chemical
shifts for Cg (117.2 for cis and 117.0 for trans). N-aryl lactams 3.186-3.189 had B-carbons that
were shifted downfield relative to N-methyl or N-unsubstituted lactams 3.56, 3.116, 3.184-3.185,
and their chemical shifts ranged from 116.66 for para-methoxy aryl lactam 3.189 to 118.81 for
para-cyano aryl lactam 3.188; the chemical shifts increased with the electron withdrawing capacity
of the aryl substituent (entries 6-9). Thiophene substituted lactam 3.190 had a -carbon chemical
shift of 117.77 ppm, which was further downfield than the electronically neutral phenyl substituted
lactam 3.186 and electron-rich methoxy aryl substituted lactam 3.189 but further upfield than the
electron-poor trifluoromethyl and cyano aryl substituted lactams 3.187 and 3.188 (compare entry
10 to entries 6-9). Substitution of the nitrogen atom with stronger electron withdrawing groups
such as an acyl, tosyl, and carbonate substituent resulted in a downfield shift of the B-carbon
compared to the N-aryl lactams; the chemical shifts of the B-carbons ranged from 119.48-121.43

for these strong electron-withdrawing nitrogen substituents (entries 11-13).
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Table 3.6. °C and '"H NMR data for o-methylene-y-lactam guaianolide analogs.

C/Hﬁ2
Hgi— "B
B \\Ca"
oA,
]
R R? Y
Cp Co Hpi Hp>
Entry R! R*>  Cmpd. (ppm)  (ppm)  (ppm)  (ppm)
1 Me Ph 356 11555 143.18  6.101  5.339
2 H Ph 3.116 11533  143.14 5983 5272
3 H TIPS  3.184 11573 143.11  6.071  5.306
4 H? TIPS* 3.199 11848 14343 6211  5.463
5 H H 3.185 11577 14386 6.061 5316
6 Ph Ph 3.186  117.11  143.64 6243  5.505
7 4-CN-CeHy Ph 3.188 11881  142.64 6299  5.548
8 4-CF3-CeHa Ph 3.187 118.15 143.05 6281 5518
9 4-OMe-CsHy4 Ph 3.189  116.66 14373 6215  5.441
10 2-thiophene Ph 3.190 11777 14183  6.698  5.493
11 Ac Ph 3.196  120.64 14278 6295  5.540
12 Tosyl Ph 3.191 12143 14531 6.158  5.434
13 Boc Ph 3192 119.88 14278  6.290  5.500

a) Cis-lactam

3.9. THIOL REACTIVITY OF a-METHYLENE-y-LACTAMS

To measure the relative electrophilic reactivity of a-methylene-y-lactams and to test whether the
chemical shift of the p-carbon in the *C NMR was an accurate predictor of this, four different
lactams were reacted with excess cysteamine, a thiol that purportedly mimics biothiols, in

).”® First, the a-methylene-y-lactam 3.116 possessing an NH group

chloroform-d (see Chapter 1
was reacted with cysteamine (15 equiv) in chloroform-d. The progress of the hetero-Michael

addition reaction was monitored by the disappearance of the a-methylene hydrogen resonances in

the "H NMR (Scheme 3.49). Lactam 3.116 required 9 d for the complete disappearance of these
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resonances. Two diastereomeric products were formed in a ratio of 2:1 as determined by
integration of Hr and Hr. The major diastereomer (shown) is predicted based upon this being the

most thermodynamically stable isomer.

CDCI3, rt
9 days to
reach
3.116 completion 3.203, dr = 2:1

Scheme 3.48. 'H NMR monitoring of cysteamine addition to an a-methylene-y-lactam.

The moderately electron withdrawing trifluoromethyl aryl substituted lactam 3.187 reacted
completely with cysteamine in 2.5 d under the same conditions; the dr could not be determined
due to impurities obscuring the resonance of Ha in the spectrum (Scheme 3.50). Lactam 3.196,

possessing a strong electron withdrawing acetyl group on the lactam nitrogen reacted completely
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in 55 min, and lactam 3.191, also containing a strongly electron withdrawing N-tosyl substituent,
reacted completely in less than 10 min. The dr was determined by integration of Ha, and the major
diastereomer was predicted to be the trans, trans isomers shown. Efforts to purify thiol adducts
3.203-3.206 to confirm structure were thwarted by their instability to column chromatography.
Therefore, N-methyl lactam 3.56 was reacted with zert-butyl thiol in a buffered solution to form
thiol adduct 3.207 in 23% yield as a 1.5:1 ratio of diastereomers. The thiol adduct 3.207 was
purified by extraction into dichloromethane and full characterization of this mixture confirmed the
structural identity of thiol adducts 3.203-3.207 and that only one equivalent of thiol was added to

the exocyclic alkene of 3.207.

3.116: R = H, R'= Ph, 9 d to completion (2:1 dr)

3.187: R = 4-CF3-CgHy, R' = Ph, 2.5 d to completion 3.204
3.196: R = Ac, R' = H, 55 min to completion (2.5:1 dr) g-%gg

3.191: R =Ts, R' = Ph, <10 min to completion (1:0 dr)

—_—
pH = 8.0 buffer:
acetone (1:1)
PRm 0 t, 16 h
3.56 3.207, 23%, 1.5:1 dr

Scheme 3.49. Thiol additions to a-methylene-y-lactams.

The chemical shift of B-carbon in the '*C NMR was the most accurate predictor of

electrophilic reactivity, which consistently shifted further downfield as stronger electron-
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withdrawing groups were installed. The chemical shift correlated well with the rate of cysteamine
addition (compare entries 2, 8, 11, and 12, Table 3.6). The chemical shift of the a-carbon in the
13C NMR did not correlate to the electrophilic reactivity of the a-methylene-y-lactam. Indeed, in
some cases the a-carbon was shifted upfield when electron withdrawing substituents were attached
to the lactam nitrogen (compare entries 1 and 8 or entries 2 and 11, Table 3.6). The B-hydrogens
tended to shift downfield as stronger electron withdrawing groups were installed on the lactam
nitrogen (compare entries 1 and 7 or 2 and 8). However, N-aryl lactams had B-hydrogens which
were further downfield than the N-tosyl and N-Boc lactams (compare entries 6 and 13 or entries 9

and 12).

3.9.1 Rate of Glutathione (GSH) Addition to an a-Methylene-y-lactam: Rate Constant and

Half-life

To measure the electrophilic reactivity of a-methylene-y-lactams to known acrylamides, the rate
of glutathione (GSH) addition to N-trifluoromethylaryl lactam 3.187 was benchmarked against the
rate of known N-aryl acrylamide 3.208. When acrylamide 3.208 was reacted with GSH in
phosphate buffer at 37 °C (conditions meant to mimic a biological environment), the half-life was
39.5 min (Scheme 3.51).°! The consumption of electrophiles 3.208 and 3.187 was measured by
calculating the peak area ratios (peak area electrophile/peak area of stable internal standard) from
the mass spectrum relative to the stable internal standard, phenacetin (3.209). The relative
abundance of the electrophiles was determined from the total ion concentration. Although this
method does not give the actual concentrations of the electrophiles due to differences in ionization

efficiencies, the decrease of the electrophile concentration over time can be determined since the
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internal standard does not change. The rate constants were then calculated by fitting this data to
the pseudo-first-order kinetic equation (Equation 3.1). Half-lives were calculated according to
Equation 3.2. It was hypothesized that a-methylene-y-lactams would react slower than acrylamides
as alkyl substituents at the a-position of a,B-unsaturated carbonyls generally decrease the
electrophilic reactivity.!'® MS experiments were performed with the assistance of Dr. Bhaskar

Ghodugu at the University of Pittsburgh.

o}
F
3.208, 1 uM 3C 3.210
5 mM GSH
o _ o) SG
N 67 mMpH=7.4 N
/O/ Phosphate Buffer
FsC 1% DMSO, 37°C  TsC7 N=F
Ph
g o
3.187, 1 uM o SH 3.211
H
HO,C o~ AN AN AN COM
GSH = : H
NH, o}
H
N

oY
o 0]
) Phenacetin

3.209, 1 uM (Internal Std.)

Scheme 3.50. Experimental conditions to compare the rate of GSH addition to an acrylamide

compared to an a-methylene-y-lactam.

In([acrylamide]) = —kp.epaofireet + In([acrylamide;])

Equation 3.1. Rate equation for GSH addition to acrylamides (or a-methylene lactams).
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" _ In2
1/2 = e
kp.senaufl.r.sr

Equation 3.2. Calculation of half-life from pseudo-first order rate constants.

The rate of glutathione addition to acrylamide 3.208 was calculated as 0.018 min™! which
corresponds to a half-life of 38.5 min (Figure 3.3, A), compared to the literature value of 39.5 min.
Although the rate and half-life are close to the literature value, the y-intercept is expected to be 1
(observed y-intercept = -0.3835). This could be due to differences in the ionization efficiencies or
differences in the initial concentrations of reagents. The rate of glutathione addition to tricycle
3.187 was calculated as 0.0162 min™!, corresponding to a half-life of 42.8 min (Figure 3.3, B). As
expected, a-methylene-y-lactam-containing guaianolide analogs react slower with GSH than the

corresponding acrylamides, although more examples are needed to confirm this observation.
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Figure 3.3: Depletion of acrylamide 3.208 (A) or tricycle 3.187 (B) over time.

The reaction mixture was prepared by adding 2 uL. of each 1 mM DMSO stock solutions
of acrylamide 3.208, tricycle 3.187, and phenacetin 3.209 to 1.794 mL of 67 mM phosphate buffer

(pH = 7.4). This was divided into two 900 uL portions (1 control and 1 reaction). To the control
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vial was added 100 pL of phosphate buffer. To the reaction vial was added 100 puL of 50 mM GSH

solution (in phosphate buffer) and both were lowered into an oil bath set to 37 °C and allowed to

react without stirring. Thus, the final concentrations of reagents in the reaction vial were: 1 uM of

acrylamide 3.208, 1 uM of tricycle 3.187, 1 uM of phenacetin (3.209), and 5000 uM GSH all in

67 mM, pH = 7.4 phosphate buffer. Aliquots (50 pL) of the reaction mixture were taken every 15

min for 2 h, placed in an autosampler vial, and injected into a Thermo Scientific Q-Exactive

Orbitrap MS with separation of the compounds by HPLC using the method described below. The

ions were observed using single ion monitoring in ESI+ mode. The compounds were separated

using a Thermo Scientific Hypersil GOLD column 1.9 uM (2.1 x 100 mm) using a gradient of 5-

95% of 0.1% formic acid in acetonitrile (B) to 0.1% formic acid in water (A). Table 3.7 shows the

time and gradient used for compound separation.

Table 3.7. Gradient of 0.1% formic acid in MeCN (B) to 0.1% formic acid in H>O (A).

Time (min) Mobile Phase B (%) = 0.1% formic acid in MeCN
1 5%
5 95%
6 95%
8 5%
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3.10. BIOLOGICAL ACTIVITY OF a-METHYLENE-y-LACTAM GUAIANOLIDE

ISOSTERES: CYTOTOXICITY AND NF-KB PATHWAY INHIBITION

Experiments in this section were performed by our collaborators in Professor Daniel Harki’s

laboratory at the University of Minnesota (John Widen, Henry Schares, Joseph Hexum)

3.10.1. Introduction to the NF-kB Pathway

Inhibition of the NF-xB (nuclear factor kB) pathway promotes apoptosis, and this pathway is
frequently overactive in cancer and inflammatory diseases.?®?” Thus, it represents a desirable drug
target. Natural products and synthetic small molecules are known to inhibit the NF-xB (nuclear
factor kB) pathway through a variety of mechanisms.?!2% 15! One such mechanism is the alkylation
of Cys38, located in the DNA-binding domain of p65 (also referred to as RelA), and this inhibits
DNA binding of the NF-«kB heterodimer, made up of p50 and p65 subunits. Inhibition of DNA
binding has been proposed as a general mechanism of action for inhibition of the NF-xB pathway
by guaianolides and other Michael acceptors.?® Indeed, mutation of Cys38 to serine in p65 resulted
in a protein that was resistant to DNA-binding inhibition by helenalin (3.212, Scheme 3.52).2!3
Figure 3.4 summarizes the NF-kB pathway and shows where in the pathway different
compounds have been shown to inhibit.?® The NF-kB pathway is activated in response to numerous
stimuli, which in turn activate the inhibitor of NF-«xB kinase (IKK). When NF-«B is inactive, it is
sequestered in the cytoplasm of the cell by the protein IkB (inhibitor of NF-xB). When IKK is
activated, it phosphorylates IkB, leading to degradation of IxkB by the proteasome. Upon

degradation of 1kB, the p50/p65 heterodimer is released and is free to enter the nucleus where it
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binds to DNA. Once bound to DNA, NF-«xB increases the rate of transcription for anti-apoptotic
genes, as well as proteins involved in cell proliferation and cell invasion. The NF-kB pathway can
be inhibited at various stages. These include blocking stimuli that activate IKK (nonsteroidal anti-
inflammatory drugs (NSAIDS), thalidomide), inhibition of IkB phosphorylation by IKK,
prevention of nuclear translocation (silibinin), and prevention of DNA-binding by the p50/p65

heterodimer (sesquiterpene lactones).

Figure 3.4. Summary of NF-kB pathway with major points of inhibition. Reprinted with
permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery, 2008, 7, 1031-1040, ©2008.
DNA binding by the p50/p65 heterodimer is the most downstream process in the canonical

NF-kB signaling pathway. Inhibition of DNA-binding is favorable because targeting upstream
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proteins results in off-target effects due to the involvement of those proteins in other cellular
pathways.?” Certain sesquiterpene lactones, such as helenalin (3.212) and simplified analog 3.214
inhibit the DNA binding of the p50/p65 transcription factor heterodimer by forming a covalent
bond between the a-methylene-y-lactone and the sulthydryl group (Cys-38) of the p65 protein
(Scheme 3.53).216217 Covalent labeling of Cys38 on p65 was observed by MS analysis of peptide
fragments after trypsin digestion. A peptide corresponding to YKC**EGR bound to helenalin was
detected, and a peptide corresponding to C**EGR bound to simplified helenalin analog 3.214 was
detected.?!” Protein pull-down studies also demonstrated that p65 was covalently labeled by 3.214,
but IkBa, p50, and IKKa/B were not covalently labeled. Thus, covalent inhibition of p65 is a

potential method for inhibiting the NF-xB pathway.

p65; trypsin digestion

Y

0 p65; trypsin digestion

(0]
> (0]

A\

N\

3.214: Helenalin analog 3.215

Scheme 3.51. Reaction of helenalin or analog with Cys38 of p65.
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3.10.2. Inhibition of the NF-kB Pathway by a-M ethylene-y-lactam Guaianolide Analogs

Helenalin (3.212) is an 8,12-guaianolide; 6,12 guaianolides are thought to inhibit the NF-xB
pathway in a similar fashion. Previously, guaianolide analogs 3.216 and 3.217 containing an o-
methylene-y-lactone were synthesized in our lab and displayed inhibition of the NF-kB pathway
at low uM levels, similar to the natural product parthenolide (3.218, Figure 3.5).!'® Thus, it was
hypothesized that oa-methylene-y-lactam guaianolide analogs would also inhibit the NF-xB
pathway and that this inhibition would occur through prevention of DNA-binding by the p50/p65
heterodimer. As discussed in Chapter 1 on thiol reactivity, a-methylene-y-lactams are less reactive
towards thiols than similar lactones. if alkylation of Cys38 on p65 is promoted by noncovalent
interactions, the reduced electrophilic reactivity of a-methylene-y-lactams would reduce the
amount of off-target reactivity when compared to o-methylene-y-lactones.?!” However, this
reduced electrophilic reactivity could prevent or slow alkylation of Cys38 of p65, thus reducing or
eliminating inhibition of the NF-kB pathway by a-methylene-y-lactams. This is why ability to tune
the electrophilic reactivity of a-methylene-y-lactams is important, as tunable guaianolide analogs
could enable the development of a-methylene-y-lactam guaianolide analogs that maximize

covalent inhibition while minimizing off-target reactions.
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3.216 3.217 3.218: Parthenolide
NF-kB Activity

20 uM = <10% (non-induced level) 20 uM = <10% (non-induced level) 20 uM = <10% (non-induced level)
10 uM = 24% 10 uM = 57% 10 uM = 53%

Figure 3.5. Synthetic guaianolide analogs and natural product parthenolide with remaining NF-

kB activity following treatment of cells with inhibitor.

Based on the ability of 6,12-guaianolides to inhibit the NF-kB pathway, this pathway would
provide a testing ground for comparisons of bioactivity between a-methylene-y-lactams and o-
methylene-y-lactones, both in terms of NF-«kB inhibition and cytotoxicity. Experiments to
determine inhibition of the NF-kB pathway and cytotoxicity of a-methylene-y-lactam guaianolide
analogs was performed by our collaborators in the Harki laboratory (John Widen, Henry Schares,
Joseph Hexum) at the University of Minnesota. NF-xB inhibition was measured using a stably
transfected A549 cell line containing a luciferase gene driven by NF- kB activation. Induction of
the NF-kB pathway with TNFa (tumor necrosis factor a) results in an increase in reporter
luminescence corresponding to NF-kB activation. Upon inhibition of the NF-xB pathway, reporter
luminescence is decreased. Induced cells without inhibitor and non-induced cells were used as
controls to measure the relative NF-«B activity of cells treated with an inhibitor. Select compounds
3.56, 3.185, 3.186, 3.187, 3.189, 3.191, 3.196 were dosed at 50, 20, 10, and 5 uM to cells before
inducing with TNF-a for eight hours (Figure 3.6). These compounds were chosen to examine the
effect of different nitrogen substituents (e.g. electron donating and electron withdrawing) on NF-

kB inhibition. Additionally, these compounds were tested for cytotoxicity at the same
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concentrations by measuring the cell viability after 48 h using A549 cells and an Alamar blue
assay. In this assay, A549 cells were treated with inhibitors 3.56, 3.185, 3.186, 3.187, 3.189, 3.191,
3.196 for 48 h (Figure 3.6).2'® At the 46 h mark, Alamar blue (cell viability reagent) was added to
the cells. The Alamar blue assay evaluates the ability of metabolically active cells to convert
resazurin (a nonfluorescent compound) to resorufin (a red fluorescent compound). The amount of
fluorescence provides the number of live cells relative to a control which was not treated with any
inhibitors. The goal was to explore the potential of a-methylene-y-lactam guaianolide analogs as
biologically active compounds and potentially discover a compound with good NF-«B pathway
inhibition and minimal toxicity. The hypothesis was that an o-methylene-y-lactam with
intermediate electrophilic reactivity would maximize NF-«B inhibition and minimize cellular
toxicity.

a-Methylene-y-lactam 3.185 (NH) or 3.56 (NMe), did not inhibit the NF-kB pathway at
any concentration (5, 10, 20, 50 uM) tested (Figure 3.6). These two lactams were also not cytotoxic
as evidenced by cell viabilities above 80% when cells were treated with 50 uM of 3.185 or 3.56
(Figure 3.7). a-Methylene-y-lactams 3.186 (NPh) and 3.189 (N-4-OMe-C¢H4) were also not
cytotoxic at the highest concentration (50 uM) tested. However, both lactams 3.186 and 3.189
showed weak inhibition of the NF-kB pathway at 20 uM, and at 50 pM these compounds reduced
NF-«B activity to 54% or 60%, respectively, relative to the control. Lactam 3.191, (NTs), reduced
NF-kB activity to 33% relative to induced levels at 5 pM and to noninduced levels at 10 pM.
However, lactam 3.191 was cytotoxic, reducing cell viability by 20% at 5 uM and by 36% at 10
uM. a-Methylene-y-lactam 3.196 (NAc) displayed NF-kB inhibition with 59% remaining NF-xB
activity at 10 uM and 29% remaining activity at 20 uM. A concentration of 50 uM 3.196 reduced

NF-kB activity to noninduced levels, but was cytotoxic with only 62% cell viability compared to
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nontreated cells. The most promising biological activity was displayed by a-methylene-y-lactam
3.187 (N-4-CF3-CsH4). Lactam 3.187 reduced NF-«B activity to 62% at 10 uM, 21% at 20 uM,
and to non-induced levels (6%) at 50 uM. Additionally, 3.187 was only minimally cytotoxic (88%
cell viability relative to nontreated cells) at the highest concentration (50 uM) tested. Figure 3.8
shows the correlation between NF-kB activity and cellular toxicity for most a-methylene-y-
lactams tested by plotting the percentage of NF-«B activity relative to the percentage of cell
viability. Lactam 3.187, containing the 4-trifluoromethyl phenyl substituent, is the outlier on this

graph, where NF-«B inhibition is not accompanied by an increase in cytotoxicity.

Figure 3.6. Graph of NF-«B activity relative to induced levels for a-methylene-y-lactams. In
order the lactams are 3.189 (R = 4-OMe-C¢H4), 3.56 (R = Me), 3.186 (R = Ph), 3.187 (R = 4-

CF3-CeHs), 3.196 (R = Ac), 3.191 (R = Ts), 3.185 (R = H).
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Figure 3.7. Graph of cell viability relative to nontreated cells for a-methylene-y-lactams. In
order the lactams are 3.189 (R = 4-OMe-CsH4), 3.56 (R = Me), 3.186 (R = Ph), 3.187 (R = 4-

CF3-CeHa), 3.196 (R = Ac), 3.191 (R = Ts), 3.185 (R = H).

In order to confirm that NF-xB inhibition was not an artifact of the luciferase assay, a-
methylene-y-lactams were also tested for NF-kxB inhibition in HEK293 cells using a SEAP
(secreted embryonic alkaline phosphatase) assay; similar NF-«kB inhibition was observed.?!
Cytotoxicity of HEK293 cells was also measured using the Alamar blue assay described above. In
the SEAP assay, a decrease in alkaline phosphatase production corresponds to a decrease in NF-
kB activity. In this case, the alkaline phosphatase cleaves a phosphate from an indole phosphate to
generate a chemiluminescent indole, much the same way that oxidation of luciferin by luciferase
produces luminescence. These mechanistically distinct measurements of NF-xB inhibition in two
different cell lines provide confidence that the NF-kB pathway is inhibited by a-methylene-y-

lactams.
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In summary, a-methylene-y-lactams containing electron withdrawing substituents (3.187,
3.196, 3.191) displayed comparable NF-kB activity to the lactones 3.216 and 3.217 previously
prepared in our lab (Figure 3.6 and 3.7). In the case of 3.187, containing a 4-trifluoromethyl phenyl
substituent, increased NF-kB inhibition was not accompanied by increased cytotoxicity.
Additionally, lactams containing a secondary amide (3.185), electron donating alkyl (2.56) or aryl
(3.189) groups, and an electronically neutral phenyl group (3.186) were not cytotoxic even at high
concentrations. Although, these lactams were inactive in the NF-kB pathway, their lack of
cytotoxicity means they could be used to inhibit other biological targets. Finally, inhibition of the
NF-kB pathway and cytotoxicity were related to the electrophilic reactivity of various a-
methylene-y-lactams. There is a correlation between time of reactivity with cysteamine in the 'H
NMR studies (see section 3.10) and amount of inhibition of the NF-xB pathway for the derivatives
3.187, 3.196, and 3.191 where shorter reaction times relate to increased inhibitory activity.
Additionally, compounds 3.196 and 3.191 that reacted rapidly with cysteamine (<10 min and 60
min to react completely, respectively) were cytotoxic, while 3.187, which reacted more slowly

with cysteamine (2.5 d to react completely) was not cytotoxic.
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NF-kB Inhibition vs Cell Viability at 20 and 50 uM Concentrations of Lactam Guaianolide Analogs
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Figure 3.8. Plot of NF-«B activity and cellular toxicity for a-methylene-y-lactams.
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4.0. ALLENYL ACETATES IN THE ALLENIC PAUSON-KHAND REACTION WITH
o-METHYLENE-y-LACTAM-TETHERED ALLENE-YNES AND AN UNEXPECTED |2

+ 2] CYCLOADDITION PRODUCT

4.1. INTRODUCTION

6,12-Guaianolides contain various degrees of oxidation, which is one representation of their
molecular complexity when considering their synthetic accessibility. Oxidation level has been
calculated by considering the 6,12-guaianolide skeleton 4.1 as having an oxidation level of zero
(Figure 4.1). From this starting point, each additional alkene, hydroxyl, or ether attached directly
to the guaianolide skeleton raises the oxidation level by 1; epoxides or carbonyls raise the oxidation
level by 2.!1® Thus, thapsigargin (4.2) and eupatochinilide VI (4.3) have oxidation levels of 7,
moxartenolide (4.4) has an oxidation level of 6, ixerin (4.5) has an oxidation level of 5, arglabin
(4.6) and leucodin (4.7) have oxidation levels of 4, and compressanolide (4.8) has an oxidation
level of 2. Others have considered the oxidation level as the number of skeletal carbons with an
oxygen substituent; alkenes are not counted.??’ Thus, the guaianolide skeleton would have an
oxidation level of 3, while thapsigargin would have an oxidation level of 9. Preparing more
oxygenated [5,7,5]-guaianolide analogs would be beneficial because many guaianolide natural

221 it was

products contain higher oxidation levels. Using the principles of redox economy,
proposed that an APKR between allenyl acetates and an alkyne tethered by an a-methylene-y-
lactam would enable a redox economical method for the preparation of 6,12-guaianolide analogs

containing an a-methylene-y-lactam in place of the a-methylene-y-lactone, with an additional o-

acyloxy substituent on the cyclopentenone ring.
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Figure 4.1. Oxidation level of naturally occurring 6,12-guaiainolides.

Our group has previously demonstrated the ability of allenyl acetates to undergo the APKR
to form a-acetoxy cyclopentenones.??? For example, allenyl acetate 4.9 (1.3:1 dr) was subjected to
rhodium biscarbonyl chloride dimer to form a-acetoxy cyclopentenone fused to 7-membered ring
4.10 with a 2.3:1 dr. This increase in diastereoselectivity is a result of the allenyl acetate

undergoing a rapid scrambling of axial chirality.?*?
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OAc 10 mol %
[Rh(CO)zCllz
(1 atm)

PhMe, 90 °C,
19 h

’

4.9, 100%, 1.3:1 dr 4.10,74%, 2.3:1 dr

Scheme 4.1. APKR of allenyl acetate to form a-acetoxy cyclopentenone.

Thus, more highly oxygenated lactam analogs such as the [5,7,5]-guaianolide 4.11 was
envisioned. Retrosynthetically, it was proposed that [5,7.5]-guaianolide analog 4.11 containing an
a-acetoxy cyclopentenone could be formed from an APKR of 4.12 containing an a-methylene-y-
lactam tether between the alkyne and the allenyl acetate (Scheme 4.2). The allenyl acetate could
be prepared from propargyl acetate 4.13 using a formal [3,3] sigmatropic rearrangement catalyzed
by rhodium(II) trifluoroacetate dimer or gold(IIl) chloride, and this acetate would be generated by

acetylation of propargyl alcohol 4.14, whose synthesis was described in Chapter 3.

OAc
\l " }.g
e} N OAc
R @) a S Ph

Ph O
4.11 412
0N SR VS
R Ph R Ph
413 414

Scheme 4.2. Retrosynthetic analysis of lactam guaianolide analog 4.14.
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4.2. PREPARATION OF ALLENYL ACETATES FROM PROPARGYL ALCOHOLS

To prepare the allenyl acetate substrates for the APKR the hydroxyl group of 4.15 or 4.16
(synthesis in section 3.4) were acylated with acetic anhydride, triethylamine, and catalytic 4-
dimethylaminopyridine. This reaction was accompanied by N-acylation to afford bisacylated
products 4.17 or 4.18 in 57 and 42% yields, respectively (Scheme 4.3). Bisacylated products 4.17
and 4.18 were identified by the disappearance of the amide peaks at 6.98 or 5.90 ppm from 4.15
and 4.16, respectively, and the appearance of two new methyl singlets at 1.99 ppm and 2.56 ppm
for 4.17 and 4.18, respectively, in the 'H NMR spectrum. The '"H NMR resonance corresponding
to Ha shifted downfield from 4.3 to 4.9 ppm for 4.17 and from 4.1 to 4.6 ppm for 4.18. Two new
carbonyl carbon peaks in the '3C NMR spectra at 171 and 166 ppm of 4.17 and 4.18 also
demonstrated that bisacetylation had occurred. Attempts to shorten the reaction time in order to
selectively acylate the alcohol over the amide nitrogen only led to mixtures of N-acylation (without
O-acylation) and bisacylation, indicating that the nitrogen of the lactam was reacting faster than
the tertiary alcohol. Nevertheless, these bisacylation 4.17 or 4.18 were reacted with rthodium(II)
trifluoroacetate dimer (5 mol%) in toluene at 60 °C for 1 h to provide allenyl acetates 4.19 or 4.20
in yields of 83 and 91%, respectively. This demonstrated the feasibility of allenyl acetate formation
in the presence of a tertiary amide. The allenyl acetates 4.19 and 4.20 could be identified by a
disappearance of the alkynyl hydrogen singlet at 2.6 ppm from 4.17 and 4.18, as well as a new
allenyl hydrogen resonance at 7.3 ppm in the "H NMR spectra of both 4.19 and 4.20. The central

allene carbon was detected at 190 ppm in the '3C NMR spectra.
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Scheme 4.3. Synthesis of allenyl acetates.

4.3. APKR OF ALLENYL ACETATES WITH N-ACETYL o-METHYLENE-y-LACTAM

TETHER

Allenyl acetate 4.19 was subjected to the typical APKR conditions using rhodium biscarbonyl
chloride dimer (10 mol%) in toluene at 110 °C under a carbon monoxide atmosphere. This
provided the APKR product 4.21 in only 12% yield as a 1.4:1 ratio of acetate diastereomers. A
byproduct 4.22 arising from [2+2] cycloaddition between the proximal double bond of the allene
and the a-methylene of the lactam was obtained in 19% yield (Scheme 4.4). The structure of the
[2 + 2] cycloaddition product was confirmed by 2D NMR analysis (see Section 4.7). A similar
product 4.25 was obtained as a byproduct by a former member of our group Dr. Frangois Grillet.
For example, 4.23 afforded a mixture of 4.24 and 4.25 under APKR conditions (Scheme 4.5). In
this case, a crystal structure was obtained to confirm the structure of the [2 + 2] cycloaddition
product (Figure 4.2).>* The NMR data for the lactone 4.25 and lactam 4.22 were similar, and the

[2 + 2] cycloadduct structure was assigned by analogy to the lactone.
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OAc \u:-
‘\ﬁ-g )\ AcO’ X =
S 0 OAc
[Rh(CO),Cl]5 (10 mol%) RC
. N
(0] == PH o) Ph

N °
Ac Ph CO, PhMe, 110 °C

Ac
6h APKR product [2 + 2] Product
419 4.21,12% 4.22,19%
1:1dr 1.4:1dr 10:1dr

Scheme 4.4. APKR of allenyl acetate and alkyne tethered by an a-methylene-y-lactam.

H4C
OAc \. CHs °
o AcO® XX
5 [RN(CO),Cllz (10 mol%) 0=\ -
o 0
0Ny CO, PhMe, 90 °C HyC \

CHj;

4.23 4.24 4.25

Scheme 4.5. APKR of allenyl acetate and alkyne tethered by an a-methylene-y-lactone.
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4.25

Figure 4.2: Crystal structure of [2 + 2] cycloaddition product from lactone.

4.4. PROPOSED MECHANISM FOR THE [2 + 2] CYCLOADDITION

The cycloaddition reaction is postulated to proceed via an initial carbon-carbon bond forming
process between the electron-rich central carbon of the allene and the electron-deficient carbon of
the a-methylene-y-lactam to form the intermediate 7-membered ring 4.26 (Scheme 4.6). The
resulting enolate 4.26 then forms a bond between the a-carbon of the y-lactam and the methyl
substituted alkene carbon to form the cyclobutane and the alkenyl acetate 4.22. Thus, an electron-
deficient alkene promotes the first step of the proposed mechanism. Alternatively, the [2 + 2]
cycloaddition product could arise from a radical process, where initial bond formation between the
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terminus of the alkene and the proximal allene double bond forms diradical intermediate 4.27.
Radical combination then affords the cyclobutane product 4.22. Both radical and ionic process
have been proposed for allene-alkene cycloadditions in the literature (for further discussion on

mechanistic studies of allene-alkene cycloadditions in the literature see Section 4.8).

Scheme 4.6. Proposed mechanisms for cyclobutane formation.

The reaction of an allene and alkene to form cyclobutane derivatives via a [2 + 2]
cycloaddition was reviewed in 2009 by Alcaide and coworkers.??* These reactions have been
carried out under photochemical or thermal conditions as well as with Lewis acid or transition
metal catalysis. Photochemical [2 + 2] cycloadditions of allenes and alkenes require an a.p-
unsaturated carbonyl as the alkene portion to generate a diradical that reacts with the allene and
involve irradiation with UV light between 250-300 nm. Although light was not excluded from our
reactions with allenyl acetates, ambient light would not be expected to promote triplet enone

formation.??+%?7,
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Since the concerted, thermal [2 + 2] cycloaddition is forbidden by frontier molecular orbital
theory and the Woodward-Hoffmann rules, thermally induced cycloadditions of allenes and
alkenes generally invoke a stepwise diradical mechanism.?** For thermal intramolecular
cycloadditions of allenes and alkenes, the regioselectivity is usually determined by the sterics of
the allene and alkene substituents. For example, regioselectivity in the thermal, intramolecular [2
+ 2] cycloadditions of alkenes and sulfonyl allenes depended on the substitution of the alkene.??®
Terminal alkene 4.28 reacts with the distal double bond of the sulfonyl allene to give
bicycl0[4.2.0]octane 4.30 (Scheme 4.7). Alternatively, 1,1-disubstituted alkene 4.31 reacts with
the proximal double bond of the sulfonyl allene to give bicyclo[3.2.0]heptane 4.33. A radical
mechanism is supported by the rates of these reactions. Monosubstituted alkene 4.28, which
generates primary radical 4.29 (R = R’ = H), requires 22 h to go to completion, while a

trisubstituted alkene which forms a tertiary radical reacts completely in 45 min (not shown).

SO,Ph SO,Ph SO,Ph
=. 80 °C .
SO,Ph > -
So2ph benzene H . SOZPh SOQPh
SO,Ph H SO,Ph
4.28 4.29 h 4.30, 80%
So.Ph PhO,S SO,Ph
2
—. 140 °C CO,Ph CO,Ph
COpPh  ———> - CO,Ph
xylenes CO,Ph 2
CO,Ph
4.31 ) 4.32 } 4.33, 77%

Scheme 4.7. Regioselectivity in thermal, intramolecular [2 + 2] cycloadditions of alkenes and

phenylsulfonyl allenes.

172



Lewis acid catalyzed allene-alkene cycloadditions between an electron-poor allenes and
electron-rich alkenes are the most common.??® Recently, Brown and coworkers have reported
enantioselective Lewis acid catalyzed, intermolecular cycloaddition of allenoates with alkenes.?**-
21 In this case trifluoroethyl allenoate 4.35 was reacted with alkene 4.34 to give cyclobutane
product 4.36 in an 87% yield and 90:10 er; internal, linear alkenes gave lower yields, but good
enantiomeric ratios (Scheme 4.8).23! In these cases, the Lewis acid is thought to activate the
allenoate for nucleophilic attack by the alkene, via short-lived ionic intermediates because lower

yielding reactions were afforded with electron withdrawing substituents on the alkene.??%-%3!

= _*aPh
: (ef ¢
CO,CH,CF
”/COZCHzCFg 20 mol% 4.79 Cﬁ( 2CH,CF3 H\N\B/O
> ©
4 F
O DCM, 16 h, rt TEN CFs

| H
4.34 4.35 4.36, 87%, >92:8 er

Cl
Scheme 4.8. Enantioselective, Lewis acid catalyzed [2 + 2] cycloaddition of alkenes and

allenoates.

In one example, using a cationic, gold catalyst (4.39), Toste and coworkers showed that
alkyl substituted allenes such as 4.38 reacted intramolecularly with styrenyl alkenes to form
bicyclo[3.2.0]heptanes, such as 4.40, in good yields and enantioselectivities (Scheme 4.9).2*? The
catalytic cycle involves a stepwise mechanism where a nucleophilic alkene adds to the gold(I)
activated allene 4.41 to form carbocation intermediate 4.42 (Scheme 4.10).**23* The vinyl gold

species then reacts with the carbocation to form cyclobutane 4.40. This mechanism was supported
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by trapping the intermediate carbocation with methanol to give the corresponding cyclopentane.

Other gold-catalyzed, enantioselective [2 + 2] cycloadditions of allenes and alkenes are thought to

proceed through a similar mechanism.?33-234
Ar =
Ar A’S
)\ 3 mol% 4.39, ( O /Ar
MeO,C . 6 mol% AgBF,  MeO2C pZAuC
2 ~ ™ MeO,C P—AUCI OMe
MeO,C DCM, rt, 2 h 2 < A
)
N\ Ph H Ar
4.38 4.40, 92%, 95% ee 4.39

Scheme 4.9. Gold-catalyzed [2 + 2] cycloaddition of allenes and alkenes.

Y [LAU+] / 4.38

[LAU+]
[Au+L]
wr >q\//)\
\_/ Ph

N\
4.42

Scheme 4.10. Catalytic cycle for gold-catalyzed [2 + 2] cycloaddition of allenes and alkenes.

174



4.5. OPTIMIZATION OF CONDITIONS TO SELECTIVELY OBTAIN THE APKR
PRODUCT OR THE |2 + 2] CYCLOADDITION PRODUCT FROM ALLENYL

ACETATES WITH AN o-METHYLENE-y-LACTAM TETHER

Different conditions were examined to selectively form the APKR product or the [2 + 2] product.
These included lowering the temperature, changing the rhodium catalyst, changing the solvent,
and decreasing the amount of carbon monoxide in the atmosphere. The results of these conditions
are shown in Table 4.1. It was hypothesized that the [2 + 2] cycloaddition reaction was the result
of a thermal-only process. Thus, removing the catalyst afforded a 71% yield of the [2 + 2]
cycloadduct 4.22 in 71% yield (Table 4.1, entry 2). Using these same reaction conditions, 4.20
afforded a 51% yield of cycloadduct 4.44 and none of the APKR product 4.43 (entry 3). No efforts
were made to further optimize the [2 + 2] cycloaddition. We next turned to developing conditions
that would provide the APKR product in high yield. Lowering the temperature led to an increased
yield of the [2 + 2] product 4.22 of 33%, but none of the APKR product 4.21 was obtained (entry
4). Changing the solvent from toluene to dichloroethane had a similar effect, providing the [2 + 2]
product 4.22 in 45% yield with none of the APKR product 4.21 (entry 5). Activated rthodium
catalysts that promote the APKR at lower temperatures and increase the rate of the APKR may
increase the yield of the [5,7,5]-fused ring system. Previous work in our lab had showed that
treatment of rhodium(I) biscarbonyl chloride dimer with triphenylphosphine and silver
tetrafluoroborate (to form Rh(CO)2(PPh3).) gave a catalyst that was active at lower temperatures
and quickly formed APKR products with allenyl acetates. This active catalyst was reacted in a
10% carbon monoxide, 90% argon atmosphere, as 100% carbon monoxide leads to displacement

of the triphenylphosphine ligand by carbon monoxide. With this activated catalyst at 50 °C, the
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highest yield (25%) of the APKR product 4.21 was obtained as a 1.4:1 ratio of acetate
diastereomers, but the [2 +2] product 4.22 was still the major product obtained in 34% yield (entry
6). At room temperature, activated catalyst Rh(CO)2(PPhs3), gave none of the APKR product 4.21,
29% vyield of [2 +2] product 4.22, and 17% of an a,B-unsaturated aldehyde arising from
decomposition of the allenyl acetate (entry 5). As previous APKR with allenyl acetates were more
successful with a silyl-substituted alkyne (TMS), it was proposed that lactam 4.20 with a TIPS
substituent would increase the rate of the APKR. Thus, TIPS substituted alkyne 4.23 was subjected
to typical APKR conditions with rhodium biscarbonyl chloride dimer. However, TIPS substituted
alkyne 4.20 did not give any of the APKR product 4.43 under these conditions or with the activated
catalyst at 50 °C (entries 8-9). The [2 + 2] product 4.44 was obtained in 56% yield at 110 °C with
rhodium biscarbonyl chloride as the catalyst (entry 8). With the activated catalyst
(Rh(CO)2(PPh3)2), a 13% yield of [2 + 2] product 4.44 was obtained along with 45% of the a,p-
unsaturated aldehyde due to decomposition of the allenyl acetate (entries 8-9). This was not
surprising, as the TIPS alkyne was shown to slow the APKR with 1,1-disubstituted allenes, and it
is not expected to affect the rate of [2 + 2] cycloaddition (see Table 3.3, entry 3). Thus, thermal-
only conditions to form the [2 + 2] cycloadduct selectively were identified. Efforts to find
conditions for the selective formation of the APKR product were not pursued further because under
all reaction conditions investigated, formation of the [2 + 2] product outcompeted the formation
of the APKR suggesting that the Rh-catalyst may be functioning as a Lewis acid to facilitate the

[2 + 2] cycloaddition.
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Table 4.1. APKR or [2 + 2] cycloaddition with allenyl acetates.

\\ﬁ\ OAc
.§‘$

Conditions
07N~ =
Ac
APKR product [2 + 2] Product
420 R = Fibs $3R=Phs 1B R Ths
Yield  Yield Yield
Atmos- Temp Time PK [2+2] total
Entry R= Catalyst phere  (°C) Solvent (h) (%) (%) (%)
[Rh(CO)Cl]2
1 Ph (10 mol%) CcO 110  PhMe 6 12 19 31
2 Ph None N2 110  PhMe 4 0 71 71
3 TIPS None Nz 110  PhMe 5 0 51 51
[Rh(CO)Cl]2
4 Ph (10 mol%) CcO 70-90 PhMe 7 0 33 33
[Rh(CO)Cl]2
5 Ph (10 mol%) CcO 90 DCE 6 0 45 45
[Rh(CO)Cl]>
(10 mol%), PPhs;
(30 mol %), 10%
AgBF4(22mol COin
6 Ph %) Ar 50 DCE 2 25 34 60
[Rh(CO)Cl]2
(10 mol%), PPhs;
(30 mol %), 10%
AgBF4(22mol COin
7 Ph %) Ar 25 DCE 4 0 29 46%*
[Rh(CO)Cl]2
8 TIPS (10 mol%) CO 110  PhMe 2 0 56 56
[Rh(CO)Cl]2
(10 mol%), PPhs;
(30 mol %), 10%
AgBF4(22mol COin
9 TIPS %) Ar 50 DCE 2 0 13 58%*

* The remainder of the overall yield was due to a,B-unsaturated aldehyde formation from
decomposition of the allenyl acetate.
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4.6. DESIGN AND SYNTHESIS OF LESS-ELECTRON DEFICIENT a-METHYLENE-y-
LACTAMS FOR ALLENIC PAUSON-KHAND REACTIONS USING ALLENYL

ACETATES

Since both the a-methylene-y-lactone 4.23 and the N-acetyl a-methylene-y-lactams 4.19-4.20
contain an electron-deficient alkene, and the proposed reaction mechanism is stepwise ionic, it was
proposed that a less electron deficient alkene may suppress the [2 + 2] cycloaddition reaction. To
test this hypothesis, the syntheses of allenyl acetates or pivalates with an unsubstituted or
methylated lactam nitrogen were pursued, as these systems have less electrophilic alkenes, as
evidenced by the slower rate of thiol addition to an N-unsubstituted lactam (Section 3.10). As
mentioned above, selective O-acylation was difficult due to competitive N-acylation, thus the
corresponding pivalate 4.45 was formed as discussed in Chapter 3. Based on previous results in
our lab, the pivalate and various other acyloxy groups undergo the formal [3,3] sigmatropic
rearrangement catalyzed by rhodium(Il) trifluoroacetate dimer to the corresponding allenyl
acyloxy systems. However, when pivalate 4.45 was reacted with catalytic rhodium(II)
trifluoroacetate dimer, only starting material was recovered, quantitatively (Scheme 4.11).
Because the unsubstituted lactam nitrogen may deactivate the catalyst by coordination of the
secondary amide to rhodium, N-methyl lactam 4.46 was subjected to the rhodium catalyzed
rearrangement. This system afforded similar results with a 79% overall yield consisting of a 3:1
ratio of recovered starting material to allenyl acetate 4.47. Similarly, the reaction of unsubstituted
NH lactam 4.45 afforded the desired allenyl pivalate in an inseparable 2:1 ratio of desired product
4.48 to starting material 4.45, but only a 44% yield was obtained, which was attributed to

decomposition of the starting material or product. The ratio of product to starting material was
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determined by integration of the allenyl pivalate hydrogen at 7.31 ppm and the terminal alkyne
hydrogen at 2.53 ppm of the 'H NMR spectrum. The diastereomeric ratio was unable to be

determined due to overlapping resonances in the 'H NMR of the starting material and product.

(5 mol %)
—> SM recovered

PhMe, 60 °C
1h

OPiv
} [Rh(OCOCF3),l,
Q

} §s"
[Rh(OCOCF3),],

(5 mol %) b\
o \
(0] N S PhMe 60 C S5

4.47
79%, 3:1 SM:prod

OPiv

} [Rh(OCOCF3),l, }
\ (5 mol %
o ~ PhMe, ~-,
s 60 °C, 1 h
70 °C, 2h

4.45 4.48
44%, 2:1 prod:SM

Scheme 4.11. Formation allenyl pivalates or acetates with N-unsubstituted or N-methyl lactams.

Since allenyl pivalate 4.48 was unable to be separated from propargyl pivalate 4.45, the
mixture was subjected to the typical APKR conditions. Allenyl pivalate 4.48 (2:1 with 4.45) was
reacted with rhodium biscarbonyl chloride dimer in toluene at 110 °C for 2 h to afford tricycle

4.49 in 44% yield and a 3:1 dr and no [2 + 2] product 4.50 (Scheme 4.12). The dr was determined
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by integration of the proton resonance a to the pivaloyloxy group which appeared as a singlet at
5.66 ppm for the major diastereomer and 5.54 ppm for the minor diastereomer. This result suggests
that allenic Pauson-Khand reactions between allenyl pivalates and alkynes with an a-methylene-
y-lactam tether containing only weakly electrophilic alkenes are possible without formation of the
[2 + 2] product. However, the formation of allenyl pivalates attached to N-unsubstituted lactams
still requires optimization. One possibility for this is to perform the rearrangement with a gold(I1II)

chloride catalyst instead of the rhodium(II) trifluoroacetate dimer.

} OPiv
o=

S OPiv
[Rh(CO),Cl], (10 mol%) ©
o N =_;ps  CO, PhMe, 110 °C TIPS ‘o
2h
APKR product [2 + 2] Product
2:14.48:4.45 4.49, 44% 4.50, not detected
3:1dr

Scheme 4.12. APKR of allenyl pivalate with N-unsubstituted lactam tether.

4.7. STRUCTURE CONFIRMATION OF THE |2 + 2] CYCLOADDITION PRODUCT

BY 2D NMR ANALYSIS

The structure of tricyclic compound 4.44 was determined by 'H, 1*C, DEPT, HSQC, HMBC, and
COSY NMR analyses. This NMR data is presented in Table 4.2, while key COSY and HMBC
correlations are summarized in Figure 4.3. The compound showed the same exact mass as the
starting material 4.20, suggesting that a skeletal reorganization had occurred. Absence of the
allenyl and alkenyl resonances in 'H NMR spectrum strongly suggested a reaction between these
two groups. Additionally, an upfield shift of the hydrogen at position 4 from 5.59 ppm in the SM

4.20 to 4.19 ppm in the product 4.44 was observed. A triplet at 7.02 ppm resulted from an upfield
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shift of the allenyl acetate hydrogen of the SM from 7.32 ppm. Two new doublet of doublets
appeared at 3.30 and 2.43 ppm and were assigned to geminal hydrogen atoms at position 9 on the
cyclobutane ring; coupling constants of 2.7 Hz and COSY analysis showed that these two
hydrogen atoms were coupled to the triplet at 7.02 ppm and to each other. This geminal coupling
is indicative of a cyclobutane or cyclopentane ring. The hydrogen at position 3 in the SM 4.20 was
a multiplet at 3.0 ppm and shifted upfield to become the triplet at 2.71 ppm in the product 4.44.
Two methyl singlets were observed in the 'H NMR spectrum at 2.50 and 2.13 ppm, similar to the
two acetyl methyl groups of the starting material. The third methyl singlet shifted from 1.83 ppm
in the SM to 1.20 ppm in the product, suggesting it was no longer connected to an alkene.
Multiplets at 2.25 and 2.03 ppm showed COSY correlations to the triplet at 2.71 ppm,
demonstrating that these hydrogen atoms were at position 5; these multiplets also showed COSY
correlations to the doublet of doublets at 1.92 ppm and the doublet of triplets at 1.55 ppm, so these
resonances were assigned to the protons at position 6 of the product 4.44. DEPT and HSQC spectra
confirmed that position 5 was a CH, group correlating to the 'H NMR resonances for geminal
hydrogens at 2.25 and 2.03, while the resonances at 1.92 and 1.55 were a CHz corresponding to
position 6. A singlet at 1.04 ppm of the 'H NMR integrates for 21 and corresponds to the hydrogens
of the triisopropyl silyl group.

13C NMR showed three carbonyl peaks at 174.4, 170.3, and 167.9 ppm corresponding to
the lactam carbonyl and the two acetyl groups. The central allene carbon of the allenyl acetate SM
4.20 at 189.7 was gone. Only two olefin resonances were observed at 129.2 and 126.6 ppm
compared to five olefin resonances in the SM (189.9, 142.7, 122.5, 114.7, and 110.8), indicating
that the allene and a-methylene of the lactam were transformed in the reaction. The alkyne carbon

resonances at 105.3 and 85.6 ppm did not change from SM to product. Two new quaternary
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carbons at 59.9 and 57.2 ppm were identified from their absence in HSQC and DEPT spectra. The
acetyl methyl groups (positions 17 and 18) were identified as the peaks at 21.0 and 25.4 ppm by
their single HMBC correlations to the carbonyl peaks at 170.3 and 167.9 ppm (positions 16 and
19) respectively, and HSQC correlations to the 'H NMR resonances at 2.50 and 2.13 ppm. HSQC
and DEPT helped identify the carbons at positions 3 and 4 as the resonances at 51.2 and 51.6 ppm.
HSQC was also used to assign the '*C NMR resonance at 20.7 to the methyl group at position 15

and the resonance at 28.4 ppm to position 9 in the product 4.44.
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Table 4.2. NMR Data for [2 + 2] cycloaddition product 4.44.

4 14 4.44
Position  &¢, Type 6n, mult., (J in Hz) HMBC COosy
1 174.4,C
2 59.9,C
3 51.2, CH 2.71,¢, (7.0) 4,6,9, 11 H-4, H-5a,b
4 51.6, CH 4.19,d, (7.5) 5,11, 12 H-3
H-3, H-5b, H-
5 30.0, CH2 a2.29-2.22, m 2,6,7 6a,b
H-3, H-5a, H-
b 2.05-2.01, m 6a,b
6 38.5,CH, a1.92,dd, (6.5,13.3) 7,8,13 H-5a,b, H-6b
b 1.56, dt, (6.5, 13.3) H-5a,b, H-6a
7 57.2,C
8 126.7,C
28.4, CH; a3.30,dd, (2.7,17.0) 1,4,8,10 H-9b, H-10
b 2.43,dd, (2.7, 17.0) H-9a
10 129.2, CH 7.02,t, (2.7) 8,9 H-9a,b
11 105.4, C
12 85.6, C
13 20.7, CHs 1.20, s 2,6,7,8,
14 18.7, CHs 1.04, s 15
15 11.2, CH 1.04, s 14
16 167.9,C
17 21.0, CHs 2.13,s 19
18 25.4, CHs 2.50, s 16
19 170.3,C
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The key HMBC correlations show that the hydrogen at C-3 correlates to the carbons at C-
4, 6,9, and 11 and the hydrogen at position 4 correlates to the carbon at C-5 and the two alkyne
carbons at C-11 and 12. The hydrogens at C-5 correlate to quaternary carbons 2 and 7, as do the
hydrogens of the methyl group at C-15. The hydrogens at C-13 correlate to the alkene carbon at
position 8, as do the hydrogens from C-9 and 6. The hydrogens on C-9 correlate to the carbonyl

C-1 and the alkene C-10.

Figure 4.3. Important COSY and HMBC correlations used to confirm the structure of [2 + 2]

cycloaddition product.

4.8. CONCLUSION

These literature examples are representative of the different conditions to promote the [2 + 2]

cycloaddition between an allene and an alkene to form cyclobutane derivatives. Various
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mechanisms are invoked in the [2 + 2] cycloadditions of allenes and alkenes depending on the
conditions. These mechanisms involve diradicals, under photochemical and thermal conditions, or
ionic intermediates under Lewis acidic or gold-catalyzed conditions. Although ionic intermediates
are less commonly invoked in thermally-induced reactions, the presence of the acetate on the allene
of our substrates is unprecedented in the literature on [2 + 2] cycloadditions of allenes. Considering
that the [2 + 2] cycloaddition appears to be shut down with less electrophilic alkenes, it is more
likely that the electron-rich allenyl acetate adds to the a-methylene-y-lactam via an ionic process
rather than a diradical process. Considering that the cycloaddition occurred at rt in the presence of
a rhodium catalyst, the cationic thodium(I) could be acting as a Lewis acid by coordinating to the
lactam carbonyl, and thus increasing the electrophilicity of the a-methylene moiety.

The [2 + 2] cycloaddition of allenyl acetates with electron poor alkenes could offer a useful
method for methylenecyclobutane formation, although further study is needed to examine the
scope and synthetic utility of this reaction. Additionally, it was shown that the APKR could be
favored over the [2 + 2] cycloaddition when less electron poor a-methylene-y-lactams, such as

those containing a secondary amide, were subjected to the APKR conditions
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APPENDIX A

EXPERIMENTAL PROCEDURES AND COMPOUND CHARACTERIZATION DATA

1. General Methods
2. General Procedures
i. General Procedure A: a-Methylene Lactam Formation from
Allylboronate
iil. General Procedure B: Hydrolysis of Ketal
iii. General Procedure C: Addition of Ethynyl Magnesium Bromide to
Ketone
iv. Acetylation of Alcohol with Triethylamine, Dimethylaminopyridine,
and Acetic Anhydride
v. General Procedure D: Formation of Propargyl Pivalate from
Propargyl Alcohol
vi. General Procedure E: Conversion of Propargyl Ester to 1,1-
Disubstituted Allenes Using (Triphenylphosphine)copper Hydride

Hexamer
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vii. General Procedure F: Removal of Triisopropyl silyl (TIPS)
Substituent from Alkyne
viii. Protection of Lactam Nitrogen with tert-Butyl Carbonate
ix. General Procedure G: Arylation of Lactam Nitrogen with Aryl
Todides
X. General Procedure H: Allenic Pauson-Khand Reaction (Slow
Addition of Allene-yne to Rhodium(I) Catalyst)
xi. General Procedure I: Alternative Procedure for Allenic Pauson-
Khand Reaction
xii. General Procedure J: Acetylation of Lactam Nitrogen
xiii. General Procedure K: Monitoring the Reaction of a-Methylene-y-
lactams with Cysteamine by "TH NMR
xiv. Hetero-Michael Addition of tert-Butyl Thiol to an a-Methylene-y-
lactam
xv. General Procedure L: Formation of Allenyl Acetates via Formal [3,3]
Sigmatropic Rearrangement of Propargyl Acetates
xvi. Allenic Pauson-Khand Reaction of Allenyl Acetates Accompanied by
a [2+2] Cycloaddition
General Methods
Commercially available compounds were used as received unless otherwise noted.
Dichloromethane (DCM), tetrahydrofuran (THF), and diethyl ether (Et.O) were purified by
passing through alumina using the Sol-Tek ST-002 solvent purification system. Triethylamine

was distilled from calcium hydride (CaH,) and stored over 4 A molecular sieves. Acetic
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anhydride (Ac2O) was shaken with phosphorus pentoxide (P>Os), decanted, fractionally distilled
from anhydrous potassium carbonate (K2CO;) and stored over 4 A molecular sieves.
Hexamethylphosphoramide (HMPA) was vacuum distilled from CaH and stored over 4 A
molecular sieves. Deuterated chloroform (CDCl3) was stored over anhydrous K>COs. All
reaction temperatures designated are bath temperatures. Silica gel (40-63 pm particle size, 60 A
pore size) purchased from Sorbent Technologies was used for the purification of compounds by
flash chromatography. TLC analyses were performed on Silicycle SiliaPlate G silica gel glass
plates (250 pm thickness). 'TH NMR and *C NMR spectra were recorded on Bruker Avance 300
MHz, 400 MHz, or 500 MHz spectrometers. Spectra were referenced to residual chloroform
(7.26 ppm, 'H, 77.16 ppm, *C). Chemical shifts are reported in ppm, multiplicities are indicated
by s (singlet), bs (broad singlet), d (doublet), t (triplet), q (quartet), p (pentet), and m (multiplet).
Coupling constants, J, are reported in hertz (Hz). All NMR spectra were obtained at rt unless
otherwise specified. IR spectra were obtained using a Nicolet Avatar E.S.P. 360 FT-IR. ESI mass
spectroscopy was performed on a Waters Q-TOF Ultima API, Micromass UK Limited high
resolution mass spectrometer.

Synthesis of Allylboronate xx

OH

= N [\

Q9 //\CI 9 o O "BuLi, CICO,Me
)J\/U\ —>K2C03 )l\/\ pTSA(cat) > )</\\ _

EtOH, reflux \\ Benzene, reflux R THF, -78 °C—rt

3.63 24 h 3.64, 49% 12 h 3.65, 71%
O,
B—3-62
™\ o Cl
o__0 (O coMe 1\ CO,Me
DibalH, MeLi, Cul, HMPA 0 0 0 _0

A PhMe, -30 °C—srt > Z Z

3.61, 72% CO,Me ' 3.60 Bpin : 3.66
~3:1 E:Z, 77%
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o o A o
)l\/ll\ —>KZCO3 )l\/\
EtOH, reflux A

3.63 24 h 3.64, 49%

Hex-5-yn-2-one (3.64): Hexynone 3.64 was synthesized according a literature procedure.!’* A
flame-dried, 250-mL, single-necked, round-bottomed flask, equipped with a magnetic stir bar,
septum, and nitrogen inlet needle was charged with 2,4-pentanedione 3.63 (30 mL, 290 mmol)
and ethanol (120 mL, 2.2 M). Propargyl chloride (37 mL, 260 mmol) was added via syringe
followed by potassium carbonate (48 g, 350 mmol) in a single portion. The septum was removed
and a reflux condenser equipped with a septum and nitrogen inlet needle was attached, and the
reaction was heated to reflux in an 85 °C oil bath for 24 h. Upon completion of the reaction as
observed by TLC, the mixture was cooled to rt and filtered via vacuum filtration to remove the
solids. The solid was washed with ethyl acetate. Ethyl acetate and ethanol were removed by
simple distillation at atmospheric pressure. The residue was diluted with diethyl ether (100 mL),
transferred to a separatory funnel, washed with deionized water (50 mL), then brine (50 mL),
dried over magnesium sulfate, gravity filtered, and concentrated by simple distillation at
atmospheric pressure. The residue was further purified by simple, vacuum distillation (45
mmHg, 85-90 °C) to give 12.5 g of product in a 49% yield. The spectral data matched literature
values.'”
Data for 3.64: (PAJ 6-104, 12.5 g, 49%)
"H NMR (300 MHz, CDCl3)

02.67,(t,J=72Hz, 2H),2.42 (dt,J=2.7,7.1 Hz, 2H), 2.16 (s, 3H), 1.93 (t,J =

2.7 Hz, 1H) ppm
BC NMR (100 MHz, CDCl5)

0206.3, 82.7, 68.6, 42.0, 29.8, 12.8 ppm
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TLC Rr=0.46 (25% EtOAc/hexanes) [silica gel, UV, KMnO4]

o Ho/\/OH O/_\O
pTSA(cat)
>
)J\/\\\ benzene, )Q/o\\\
3.64 reflux 12 h 3.65, 71%

2-(But-3-ynyl)-2-methyl-1,3-dioxolane (3.65). Following a procedure analogous to that
previously reported,!” a flame-dried, 200-mL, single-necked, round-bottomed flask equipped
with a magnetic stir bar was charged with hex-5-yn-2-one 3.64 (12.5 g, 131 mmol), benzene
(130 mL), ethylene glycol (8.8 mL, 160 mmol), and p-toluenesulfonic acid (0.497 g, 2.61 mmol)
in that order. A Dean-Stark trap and reflux condenser were attached and the solution was
refluxed in a 100 °C oil bath. After 15 h, TLC showed complete consumption of the starting
material. The solution was allowed to cool to rt, diluted with diethyl ether (80 mL), transferred to
a separatory funnel, then washed successively with saturated sodium bicarbonate (100 mL) and
brine (100 mL). The organic layer was dried over magnesium sulfate, gravity filtered, and
diethyl ether and benzene were removed by simple distillation at atmospheric pressure.
Following the removal of solvent, the product was purified by vacuum distillation at 30 mmHg.
Two fractions were collected, the first contained benzene with trace amounts of product (bp =
40-50 °C) and the second contained product with less than 10% benzene (bp = 113-120 °C, 13.0
g, 71%), as determined by integration of the benzene resonance at 7.19 and terminal alkyne
resonance at 1.87 ppm.
Data for 3.65: (PAJ 6-106, 13.0 g, 71%)
'"HNMR (300 MHz, CDCl5)
0 3.96-3.86 (m, 4H), 2.25 (dt, J=2.7, 7.5 Hz, 2H), 1.92-1.88 (m, 2H), 1.87 (s,
1H) 1.30 (s, 3H) ppm
BC NMR (100 MHz, CDCls)
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5109.2, 84.5, 67.9, 65.0 (2C), 38.1, 23.9, 13.3 ppm

TLC Rr=0.55 (25% EtOAc/hexanes) [silica gel, UV, KMnO4]
O/_\O "Buli, CICO;Me o/_\o
)Q/\\\ THF, 78 °C > 1t )</\
3.65 3.61,72% COzMe

Methyl 5-(2-methyl-1,3-dioxolan-2-yl)pent-2-ynoate (3.61): Following a procedure analogous
to that previously reported,'’® a flame-dried, 200-mL, single-necked, round-bottomed flask under
a nitrogen atmosphere equipped with a magnetic stir bar, septum, and nitrogen inlet needle, was
charged with alkyne 3.65 (2.10 g, 15.0 mmol) and tetrahydrofuran (75 mL) then cooled to -78
°C. n-Butyl lithium (1.6 M in hexanes, 11.3 mL, 18.0 mmol) was added dropwise to the solution
of alkyne via syringe and the reaction was stirred for an additional 30 min at -78 °C after the
addition was complete. Methyl chloroformate (1.5 mL, 19.5 mmol) was added dropwise via
syringe and stirred for 30 min at -78 °C before allowing the reaction to warm to rt for 3 h when it
was complete by TLC. The reaction was quenched by addition of saturated aqueous ammonium
chloride (30 mL) and the solution was transferred to a separatory funnel. The layers were
separated, and the aqueous layer was extracted with diethyl ether (3 x 50 mL). The organic layers
were combined, washed with brine (50 mL), dried over magnesium sulfate, gravity filtered,
concentrated by rotary evaporation (30 °C) and purified by silica gel flash column
chromatography eluting with 20% diethyl ether in hexanes to yield alkynoate 3.61 (2.14 g, 72%)
as a clear liquid.
Data for 3.61: (PAJ 6-62, 2.14 g, 72%)
'"H NMR (300 MHz, CDCl3)

0 3.98-3.89 (m, 4H), 3.74 (s, 3H), 2.42 (t, J= 7.9 Hz, 2H), 1.95 (t, /= 7.9 Hz,

2H), 1.31 (s, 3H) ppm
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BCNMR (100 MHz, CDCl)
0 154.4,108.8, 89.7, 72.7, 65.0 (2C), 52.7,36.9, 24.0, 13.6 ppm

TLC Rr=0.23 (20% Et20/hexanes) [silica gel, UV, KMnO4]

HO  OH o
MeO._.OMe "BuLi, TMSCI B\
Br” Cl B > jio' cl

OMe THF, -78 °C —> rt
18 h 3.62, 65%

2-(Chloromethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.62): Following a procedure
analogous to those previously reported,'®! a flame-dried, single-necked, 250-mL, round-
bottomed flask equiped with a stir-bar, septum, and nitrogen inlet needle was charged with
trimethyl borate (8.6 mL, 77 mmol) and bromochloromethane (5.5 mL, 85 mmol) and cooled to -
78 °C. n-Butyl lithium (1.6 M in hexanes, 53 mL, 85 mmol) was added dropwise via syringe
pump over 35 min. Upon completion of addition, the solution was maintained at -78 °C for an
additional 30 min. Chlorotrimethylsilane (12 mL, 92 mmol) was added dropwise at -78 °C and
the reaction was allowed to warm to rt by removal of the dry ice/acetone bath. The reaction stood
for 16 h (without stirring), then pinacol (10.0 g, 85 mmol) was added and the reaction was stirred
for 1 h at rt. The reaction was poured into a separatory funnel containing water (100 mL) and
diethyl ether (100 mL). The organic layer was separated, washed with brine (50 mL), dried over
magnesium sulfate, gravity filtered, concentrated by rotary evaporation (37 °C) and the residue
transferred to a 25-mL, single-necked, round-bottomed flask. This residue was fractionally
distilled under reduced pressure (14 mmHg, 108-115 °C) using a short, jacketed vigreux
fractionating column connected to a short-path distillation head to give chloromethylpinacol
boronate 3.62 as a colorless liquid (8.89 g, 65%).

Data for 3.62: (PAJ 6-66, 8.89 g, 65%)
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'HNMR (300 MHz, CDCls)

52.94 (s, 2H), 1.28 (s, 12H) ppm
BCNMR (100 MHz, CDCls)

5 84.7,24.8 (4C) ppm

UBNMR (128 MHz, CDCI3)

0 31.42 ppm
IR 3459, 2980, 2935, 1352, 1273, 1143 cm’!
TLC Rr=0.45 (10% Et20O/hexanes) [silica gel, KMnO4]
O,
‘ B\
0] Cl
M 3.62 M\
a5 MeLi, Cul, d Y come VL coMe
)Q/\ HMPA, DIBALOH g M XS
3.61 ~CO,Me THF, toluene, -30 °C — rt 3.60 Bpin 3.66
10:1
76 £ 1%, 2:1 Z:E
Methyl 5-(2-methyl-1,3-dioxolan-2-yl)-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)pent-2-enoate (3.60): Prepared using a procedure analogous to that previously
reported.!!” 137 A flame-dried, 100-mL, single-necked, round-bottomed flask equipped with a
magnetic stir bar, septum, and nitrogen inlet needle was charged with copper iodide (48 mg, 0.25
mmol) and tetrahydrofuran (8.4 mL), then cooled to -30 °C. Methyl lithium (1.6 M solution in
diethyl ether, 0.16 mL, 0.25 mmol) was added dropwise over 1 min. Upon completion of
addition the solution was maintained at -30 °C for an additional 20 min at which time it became
dark brown to black in color. Toluene (18 mL) was added slowly to the reaction mixture over 10
min via syringe, followed by hexamethylphosphoramide (0.88 mL, 5.1 mmol, distilled from
calcium hydride and stored over 4 A molecular sieves). Diisobutylaluminum hydride (1 M
solution in hexanes, 3.8 mL, 3.8 mmol) was added dropwise via syringe over 10 min at -30 °C, a
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temperature that was maintained for an additional 2 h. Alkynoate 3.61 (500 mg, 2.52 mmol) in
toluene (12 mL) was added dropwise to the reaction mixture over 10 min via syringe, and the
solution was allowed to warm to -20 °C, a temperature that was maintained for 5 h. The reaction
was difficult to monitor by TLC, as the alkene byproduct and alkyne starting material had the
same Rf, so aliquots were taken and '"H NMR was used to follow the reaction progress. Freshly
distilled chloromethyl pinacol boronate 3.62 (623 mg, 3.53 mmol) in toluene (6 mL) was added
dropwise via syringe over 5 min to the solution and this was allowed to warm to rt and stirred 16
h. The reaction was diluted with diethyl ether (10 mL) and slowly quenched by dropwise
addition of 1 N hydrochloric acid (2 mL) over 5 min. The layers were separated, and the organic
layer was washed sequentially with 1 N hydrochloric acid (3 x 3 mL), saturated aqueous sodium
bicarbonate (1 x 5 mL), water (2 x 5 mL), and brine (1 x 10 mL), dried over magnesium sulfate,
gravity filtered, concentrated by rotary evaporation, and eluted through a plug of silica gel with
20% diethyl ether in hexanes to yield allylboronate 3.60 (755 mg, 88%) as a pale yellow oil and
a 2:1 ratio of Z:E isomers. The Z:E ratio was determined by integration of the alkene resonances
at 592 ppm for the Z-isomer and 6.71 for the E-isomer. The allylboronate 3.60 was
contaminated with about 5% of alkene byproducts 3.66 (2:1 Z:E), as determined by integration
of the alkene resonances at 6.25 (dt) and 5.75 (dt) ppm for the Z-alkene and 6.96 (dt) and 5.90
(dt) for the E-alkene. Purification of the allylboronate 3.60 from the alkene 3.66 by column
chromatography resulted in significantly decreased yields of the allylboronate, so the mixture
was generally taken on to the next step.

This reaction was repeated 10 times with an average yield of 76 = 11% and gave Z:E
ratios of 2:1 to 3:1. The amount of alkene byproduct generally ranged from 10-20%, and this

reaction could be performed on gram scale. For example, alkynoate 3.61 (3.02 g, 15.1 mmol),
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chloromethylpinacolboronate 3.62 (3.74 g, 21.2 mmol), copper iodide (288 mg, 1.51 mmol),

methyl lithium (1.5 M in Et;O, 1.1 mL, 1.5 mmol), diisobutylaluminum hydride (1 M in hexanes,

23 mL, 23 mmol), hexamethylphosphoramide (5.3 mL, 30 mmol), toluene (216 mL), and THF

(50 mL) provided allylboronate 3.60 (3.73 g, 73%, 2:1 Z:E containing ~10% of the alkene

byproduct) as a pale yellow oil.

Data for 3.60: (PAJ 6-74 755 mg, 88%, Characterized as a mixture of Z:E isomers, resonances

for Z-isomer; PAJ 8-20, 3.32 g, 64%, 2:1 Z:E; PAJ 7-138, 1.35 g, 78%, 2:1 Z:E)

'"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

05.92 (t,J=17.6 Hz, 1H), 3.92-3.88 (m, 4H), 3.67 (s, 3H), 2.56 (app q, J = 7.6
Hz, 2H), 1.81 (d, /= 13.6 Hz, 2H), 1.77-1.71 (m, 2H), 1.30 (s, 3H), 1.20 (s, 12H)
E-isomer, where distinguishable

6.71 (t, J=17.6 Hz, 1H), 2.25-2.19 (m, 2H)

(100 MHz, CDCl3)

0 168.2, 142.9, 140.6, 129.3, 128.0, 109.9, 83.4, 64.8 (2C), 51.2, 38.6, 24.8, 24.0
(4C) ppm

E-isomer

0 168.7, 142.9, 141.0, 129.2, 128.0, 109.6, 83.3, 64.8 (2C), 51.7, 37.8, 24.7, 23.7
(4C) ppm

(thin film)

2981, 2884, 2240, 1716, 1645, 1437, 1351, 1257, 1145, 1055 cm™!

TOF MS ES+ [M+H]: C17H30BOs

Calc: 341.21300 Found: 341.21183

Rr=0.31 (25% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde stain]
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Mn02 O
/ OH ——— 2 0
DCM, rt Ph
3.75 16 h 3.59, 82%

Ph

3-Phenylpropiolaldehyde (3.59): Propynal 3.59 was prepared as previously described and the
spectral data matched that reported.®> Active y-manganese dioxide was prepared from
manganese sulfate and potassium permanganate according to the previously reported method.?*
Alternatively, propynal 3.59 was prepared according to the procedure for TIPS propynal (vide
infira) in similar yields.'®?
Data for 3.59: (PAJ 7-14, 75%)
'"H NMR (400 MHz, CDCl5)

0 9.43 (s, 1H), 7.62-7.60 (m, 2H), 7.51-7.47 (m, 1H), 7.43-7.39 (m, 2H) ppm
C NMR (100 MHz, CDCl5)

§177.0, 133.4 (2C), 131.4, 128.9 (2C), 119.6, 95.3, 83.6 ppm

o)
— = >0
o. O CO,Me Ph/\ HN
Z NH,OH
—_—
B  EtOH.tt Y4 —0_7
% 5h Ph 0]
3.60 3.74a 2-5:1 3.74b

58 +13%
General Procedure A: a-Methylene Lactam Formation from Allylboronate
This procedure was modified from the procedure reported by Hall and Elford.!*¢ A 5-mL,
single-necked, round-bottomed flask equipped with a magnetic stir bar, septum, and nitrogen
inlet needle was charged with 3-phenyl-1-propynal (72 mg, 0.55 mmol) and ethanol (1 mL).
Ammonium hydroxide (28-30% ammonia in water, 0.74 mL) was added via syringe in a single
portion. The nitrogen inlet needle was removed and the reaction was stirred for 20 min at rt.

Allylboronate 3.60 (171 mg, 0.50 mmol, 2:1 Z:E) in ethanol (1 mL) was added dropwise to the
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solution over 1 min and the reaction was stirred in the sealed flask for 5 h at rt. TLC showed
consumption of the allylboronate, and the reaction was quenched by slow addition 1 N HCI (~5
mL) until the pH was 1.5-2 (pH paper). The resulting solution was transferred to a separatory
funnel and extracted with diethyl ether (4 x 10 mL). The combined organic layers were washed
with brine (10 mL), dried over magnesium sulfate, gravity filtered, concentrated by rotary
evaporation, and purified by silica gel flash column chromatography eluting with 30-50% ethyl
acetate in hexanes to give lactams 3.74a (trans) and 3.74b (cis) (96 mg, 59%) in a 4:1 ratio. In
some cases, the trans lactam was taken on as a single isomer or alternatively the mixture of trans
and cis lactams could be taken on as a mixture and separated after formation of propargyl
pivalates 3.113a (trans) and 3.113b (cis) with no difference in yields. The ratio of trans:cis
isomeric ratio varied from 2-5:1. This reaction could be performed on a partially purified mixture
of allylboronate 3.60 and alkene 3.66 isomers without significant effects on the yield, although
purification became difficult when the allylboronate contained more than ~20% of alkene
byproducts.

This reaction was repeated 11 times with an average yield of 58 + 13%. The ratio of
trans:cis lactams ranged from 3:1 to 5:1, although the starting allylboronate was generally 2:1. It
is unclear what the ratio of lactam products did not reflect the ratio of the starting allylboronate.
This reaction could be performed on gram scale and 2 N HCl was also used to quench the
reaction in some cases. For example, allylboronate 3.60 (1.66 g, 4.86 mmol, 2:1 Z:E), phenyl
propynal 3.59 (696 mg, 5.35 mmol), ammonium hydroxide (28-30% NH3, 7.2 mL), and ethanol
(20 mL) provided lactam 3.74a,b (1.38 g, 86%, 5:1 trans:cis) as a brown oil after column
chromatography. Another example using allylboronate 3.60 (1.48 g, 4.35 mmol, 2:1 Z:E), phenyl

propynal 3.59 (623 mg, 4.79 mmol), ammonium hydroxide (28-30% NHs, 6.7 mL), and ethanol
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(18 mL) provided 3 fractions after column chromatography: pure trans lactam 3.74a (349 mg,
24%), a predominantly trans mixture of lactams 3.74a,b (380 mg, 27%, 3:1 trans:cis), and a

predominantly cis mixture of lactams 3.74b (75 mg, 5%, 2:1 cis:trans).

o)

HN

7%,

Ph 374a O
(4S*,5S%)-4-(2-(2-Methyl-1,3-dioxolan-2-yl)ethyl)-3-methylene-5-
(phenylethynyl)pyrrolidin-2-one (3.74a):

Data for 3.74a: (PAJ 6-80B trans, 96 mg total, 59% overall, 2:1 trans:cis; Data for trans isomer,

some baseline impurities were observed in the NMR spectra; PAJ 8-22, 1.38 g, 86%, 5:1
trans:cis; PAJ 7-32, 349 mg, 24%, trans, 380 mg, 27%, trans:cis 3:1, 75 mg, 5%, cis:trans 2:1)
'"H NMR (300 MHz, CDCl5)
0 7.40-7.31 (m, 2H), 7.30-7.27 (m, 3H), 7.04 (bs, 1H), 6.10 (d, /= 2.8 Hz, 1H),
540, (d, J=1.6 Hz, 1H), 4.24, (d, J=4.0 Hz, 1H), 3.98-3.89 (m, 4H), 3.11-3.09
(m, 1H), 1.88-1.71 (m, 4H), 1.33 (s, 3H) ppm
3C NMR (100 MHz, CDCl3)
0169.7,142.2, 131.8 (2C), 128.7, 128.4 (2C), 122.3, 117.3, 109.7, 87.8, 84.5,
64.8 (2C), 48.8, 46.8, 35.8, 28.2, 24.1 ppm
IR (thin film)
2983, 1703, 1659, 1491, 1324, 1063 cm™!
HRMS TOF MS ES+ [M+H]: C19H22NO3
Calc: 312.1594 Found: 312.1585

TLC Rr=10.17 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde stain]
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O
HN

// o)
Ph  3.74b O-—7

(4R*,55%)-4-(2-(2-Methyl-1,3-dioxolan-2-yl)ethyl)-3-methylene-5-
(phenylethynyl)pyrrolidin-2-one (3.74b):

Data for 3.74b: (PAJ 6-80B cis, 96 mg, 59%, 2:1 trans:cis overall, Data for cis isomer

contaminated with about 30% of the trans isomer and some other baseline impurities)

'H NMR (400 MHz, CDCls)
0 7.41-7.38 (m, 3H), 7.31-7.28 (m, 2H), 6.31 (br s, 1H), 6.11 (d, J = 2.4 Hz, 1H),
539 (d, J = 2.4 Hz, 1H), 4.67 (d, J = 8.0 Hz, 1H), 3.93-3.87 (m, 4H), 3.12-3.08
(m, 1H), 1.94-1.84 (m, 2H), 1.76-1.66 (m, 2H), 1.33 (s, 3H) ppm

BC NMR (100 MHz, CDCl3)
3 170.3, 141.8, 131.8 (2C), 129.0, 128.5 (2C), 122.3, 117.1, 109.9, 86.7, 85.0,
64.8,64.7,47.7,42.7,36.4, 24.7, 24.1 ppm

IR (thin film)
2983, 2245, 1704, 1659, 1490, 1321, 1269, 1062 cm™!

HRMS TOF MS ES+ [M+H]: C19H2,NOs

Calc: 312.1594 Found: 312.1586

TLC Rr=10.32 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
A __DMF ~ ~0
TIPS THF, 0 °C — rt TIPS
3.117 3.118

3-(Triisopropylsilyl) propiolaldehyde (3.118): Aldehyde 3.118 was prepared as previously

described and the spectral data matched.'®?
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Data for 3.118: (PAJ 7-2, 99%)

'HNMR (400 MHz, CDCls)
§9.2 (s, 1H), 1.12-1.07 (m, 21H) ppm
BCNMR (100 MHz, CDCl)

0 176.8,104.6,101.0, 18.6, 11.1 ppm

/% Q 0

o' o\ CO,Me TIPS HN

Z NH,OH /

_B. EtOH, i 0 / o)
o Ty xS 7 D
4—(\ 5h TIPS 0 TIPS o)

3.60 3121a  2-35:1 3.121b
75+ 16%

Prepared according to general procedure A. 3-(Triisopropylsilyl) propiolaldehyde (340
mg, 1.62 mmol) ethanol (6 mL), ammonium hydroxide (28-30% ammonia, 2.2 mL),
allylboronate 3.60 (500 mg, 1.47 mmol, 15% alkene 3.66, 2:1 Z:E) were stirred for 5 h. The
reaction was quenched with 2 N HCI (10 mL), then extracted with diethyl ether (3 x 20 mL).
Column chromatography (gradient elution with 10-40% ethyl acetate in hexanes) provided trans-
lactam 3.121a (126 mg, 18%), cis-lactam 3.121b (23 mg, 3%, contaminated with 25% trans
isomer), and a 2.3:1 trans:cis mixture (217 mg, 31%) as yellow oils in a 53% overall yield and a
ratio of 3.5:1 trans:cis lactams. The trans and cis isomers were separated for characterization, but
in other cases the trans and cis isomers were not separated but taken on as a mixture.

This reaction was repeated 5 times with an average yield of 75 + 16% and good be
performed on gram scale. For example, allylboronate 3.60 (1.67 g, 4.86 mmol, 2:1 Z:E),
triisopropylsilyl propynal 3.118 (1.13 g, 5.35 mmol), ammonium hydroxide (28-30% NH3, 7.2
mL), ethanol (20 mL), provided lactam 3.121a,b (1.72 g, 90%, 2:1 trans:cis) as a brown oil after

column chromatography.
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(4S*,5S%)-4-(2-(2-Methyl-1,3-dioxolan-2-yl)ethyl)-3-methylene-5-

((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.121a):

Data for 3.121a: (PAJ 7-16, 366 mg, 53% overall, 3.5:1 trans:cis; Data for pure trans isomer;

PAJ 8-120, 1.72 g, 90%, 2:1 trans:cis)

"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

3 6.06 (d, J= 2.6 Hz, 1H), 6.02 (br s, 1H), 5.37 (d, /= 2.6 Hz, 1H), 4.02 (d, J =
5.2 Hz, 1H), 3.98-3.87 (m, 4H), 3.01-2.97 (m, 1H), 1.91-1.78 (m, 3H), 1.75-1.63
(m, 1H), 1.31 (s, 3H), 1.05 (s, 21H)

(100 MHz, CDCl3)

0 169.3, 142.0, 117.0, 109.6, 106.0, 86.2, 64.9 (2C), 48.9, 47.4, 36.2, 27.7, 25.0,
18.7 (6C), 11.2 (3C)

(thin film)

2943, 2175, 1708, 1660, 1462, 1376, 1325, 1150, 1063

TOF MS ES+ [M+H]: C22H3sNO3Si

Calc: 392.2616 Found: 392.2616

Rr=0.30 (50% EtOAc/hexanes) [silica gel, UV, KMnOQO4]
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(4R*,55%)-4-(2-(2-Methyl-1,3-dioxolan-2-yl)ethyl)-3-methylene-5-
((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.121b):

Data for 3.121b: (PAJ 7-16, 366 mg, 53% overall, 3.5:1 trans:cis; NMR for cis isomer

contaminated with 25% of the trans isomer)

'"H NMR (300 MHz, CDCl3)
0 6.23 (brs, 1H), 6.05 (d, /J=2.0 Hz, 1H), 5.34 (d, /J=2.0 Hz, 1H), 4.45 (d, J =
7.6 Hz, 1H), 3.95-3.79 (m, 4H), 3.00-2.97 (m, 1H), 1.90-1.82 (m, 3H), 1.80-1.70
(m, 1H), 1.31 (s, 3H), 1.02 (s, 21H) ppm

C NMR (100 MHz, CDCl5)
0 170.3, 142.1, 116.8, 103.2, 109.9, 88.4, 64.8, 64.7,47.9,42.8, 36.4, 24.3, 23.9,
18.7 (6C), 11.2 (3C) ppm

IR (thin film)
3213, 2866, 2175, 1660, 1377, 1221, 1143, 1112 cm’!

HRMS TOF MS ES+ [M+H]: C22H33NO3Si
Calc: 392.2616 Found: 392.2616

TLC Rr=0.21 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

NaH, Mel
_——
DMF, 0 °C — rt,

"'>(<_3-7 45 min

3.77
71+ 4%

(4S*,5S8*)-1-Methyl-4-(2-(2-methyl-1,3-dioxolan-2-yl)ethyl)-3-methylene-5
(phenylethynyl)pyrrolidin-2-one (3.77): A flame-dried, 10-mL, single-necked, round-bottomed

flask equipped with a magnetic stir bar, septum, and nitrogen inlet needle was charged with
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trans-lactam 3.74a (337 mg, 1.03 mmol) dissolved in dimethylformamide (5.2 mL) and cooled to
0 °C in an ice bath. Sodium hydride (60% in mineral oil, 62 mg, 1.5 mmol) was added in a single
portion and the reaction was stirred 15 min at 0 °C. Iodomethane (0.13 mL, 2.1 mmol) was
added dropwise over 1 min and the reaction was stirred at 0 °C for 15 min before removing the
ice bath and allowing the reaction to warm to rt for 15 min. TLC showed consumption of the
starting material, so it was quenched by pouring into a separatory funnel containing saturated
aqueous ammonium chloride solution (20 mL). The mixture was extracted with diethyl ether (3 x
25 mL). The organic layers were combined, washed with brine (10 mL), dried over magnesium
sulfate, gravity filtered, concentrated by rotary evaporation, and purified by filtration through a
plug of silica gel (elution with 50% ethyl acetate and hexanes) to provide the N-methyl lactam
3.77 (225 mg, 67%) as a yellow oil.
This reaction was repeated 3 times with an average yield of 71 + 4%. In one case ketal
3.74a (430 mg, 1.3 mmol, 4:1 trans:cis), sodium hydride (60% in mineral oil, 105 mg, 2.6
mmol), iodomethane (0.21 mL, 3.3 mmol), and DMF (7 mL) provided ketal 3.77 (321 mg, 71%,
4:1 trans:cis) as a yellow oil after column chromatography.
Data for 3.77: (PAJ 6-192, 225 mg, 67%, contaminated with 6% of the cis isomer and some
other baseline impurities; 7-106, 321 mg, 71%, 4:1 trans:cis)
'"H NMR (400 MHz, CDCl5)
0 7.42-7.40 (m, 2H), 7.34-7.31 (m, 3H), 6.08 (d, /=2.4 Hz, 1H), 5.36 (d, J=2.4
Hz, 1H), 4.12 (d, J = 4.0 Hz, 1H), 3.99-3.90 (m, 4H), 3.05-3.04 (m, 1H), 3.03 (s,
3H), 1.87-1.69 (m, 4H), 1.33 (s, 3H)

BC NMR (100 MHz, CDCls)
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0167.2,142.3,131.8 (2C), 128.9, 128. 5 (2C), 122.2, 116.4, 109.7, 86.2, 85.7,
64.9 (2C), 55.4, 44.6, 35.9,29.8, 28.5, 24.1
IR (thin film)
2925, 1697, 1660, 1427, 1396, 1145, 1082 cm’!
HRMS TOF MS ES+ [M+H]: C20H24NO3
Calc: 326.1751 Found: 326.1752
TLC Rr=0.39 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

General Procedure B: Hydrolysis of Ketal

0O 0]

HN HN
PPTS (cat.) -
o. acetone:H,0 (15:1)
// —7 reflux, 16 h // o
Ph Ph
3.74a,b 3.58a,b
83 + 8%

A 10-mL, single-necked, round-bottomed flask equipped with a magnetic stir bar was
charged with ketal 3.74a,b (100 mg, 0.304 mmol, 5:1 trans:cis), acetone (4 mL), and water (0.3
mL). Pyridinium para-toluene sulfonate (38 mg, 0.152 mmol) was added in a single portion, a
reflux condenser capped with a septum and nitrogen inlet needle was attached and the reaction
was refluxed for 16 h in a 70 °C oil bath. Upon completion of the reaction as observed by TLC,
the reaction was allowed to cool to rt, diluted with ethyl acetate (20 mL), transferred to a
separatory funnel, then washed consecutively with water (2 x 5 mL) and brine (1 x 5 mL), dried
over magnesium sulfate, gravity filtered, concentrated by rotary evaporation, then eluted through
a plug of silica gel with 75% ethyl acetate in hexanes to yield ketone 3.58a,b (63 mg, 73%, 5:1
trans:cis) as a light yellow oil. In larger scale reactions, acetone was removed by rotary

evaporation prior to dilution with ethyl acetate. The product contained 16% of the cis lactam
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isomer by integration of the trans lactam resonance for H. at 4.21 ppm and the cis lactam
resonance of Ha at 4.68 ppm.

This reaction was repeated 9 times with an average yield of 83 + 8%. The trans and cis
isomers were generally taken on as a mixture and only isolated for characterization. This reaction
could be performed on gram scale. For example, ketal 3.74a,b (1.66 g, 5.33 mmol, 3:1 trans:cis),
pyridinium para-toluenesulfonate (670 mg, 2.7 mmol), acetone (72 mL), and water (4 mL)
provided ketone 3.58a,b (1.3 g, 91%, 3:1 trans:cis) as a pale yellow oil after column

chromatography.

(4S*,5S%)-3-Methylene-4-(3-oxobutyl)-5-(phenylethynyl)pyrrolidin-2-one (3.58a):

Data for 3.58a: (PAJ 6-150, 63 mg, 73%, NMR contained 16% of the cis isomer)

'H NMR (300 MHz, CDCl3)
0 7.38-7.37 (m 2H), 7.32-7.29 (m, 3H), 6.77 (br s, 1H). 6.11 (d, J = 2.4 Hz, 1H),
5.40 (d,J=2.4 Hz, 1H), 4.21 (d, J=4.8 Hz, 1H), 3.16-3.08 (m, 1H), 2.64 (t, J =
7.8 Hz, 2H), 2.14 (s, 3H), 2.14-2.13 (m, 1H), 1.92-1.80 (m, 1H) ppm
Cis isomer: 4.68 (d, J= 7.5 Hz, 1H)

BCNMR (100 MHz, CDCl5)
0207.5,169.5, 141.8, 131.8 (2C), 128.9, 128.5 (2C), 122.1, 117.4, 87.4, 84.9,
48.8,46.1,39.9, 30.3, 27.0 ppm

IR (thin film)

3434, 2088, 1643 cm’!
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HRMS TOF MS ES+ [M+H]: C17H1sNO»
Calc: 268.1344 Found: 268.1332
TLC Rr=0.32 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

0]

HN
Halll

74 0

Ph" " 3.58b

(4R*,5S*)-3-Methylene-4-(3-oxobutyl)-5-(phenylethynyl)pyrrolidin-2-one (3.58b): Prepared
according to general procedure B. Ketal 3.74a,b (426 mg, 1.30 mmol, 3:1 trans:cis), pyridinium
para-toluene sulfonate (163 mg, 0.648 mmol), acetone (18 mL), and deionized water (1 mL)
provided ketone 3.58a,b (307 mg, 88%, 3:1 trans:cis) as a clear oil after filtration through silica
gel (elution with 50% ethyl acetate in hexanes). The cis isomer was isolated for characterization.

Data for 3.58b: (7-46, 3:1 trans:cis, 307 mg, 88% overall, NMR for cis isomer contained 10%

trans isomer)

'"H NMR (300 MHz, CDCl5)
0 7.39-7.37 (m 2H), 7.34-7.30 (m, 3H), 6.39 (br s, 1H). 6.13 (d, J= 2.3 Hz, 1H),
5.42 (d,J=2.3 Hz, 1H), 4.70 (d, J=17.5 Hz, 1H), 3.17-3.13 (m, 1H), 2.72-2.58
(m, 2H), 2.16 (s, 3H), 2.15-2.09 (m, 2H) ppm

BC NMR (100 MHz, CDCl5)
0207.9,169.9, 141.5, 131.9 (2C), 129.0, 128.6 (2C), 122.0, 117.6, 87.2, 84.6,
47.5,41.7,40.5, 30.2, 24.5 ppm

IR (thin film)
3245, 2927, 1708, 1657, 1418, 1360, 1273, 1166 cm’!

HRMS TOF MS ES+ M+H]: C17HisNO>
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Calc: 268.1332 Found: 268.1327

TLC Rr=0.28 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

(4S*,5S*)-1-Methyl-3-methylene-4-(3-oxobutyl)-5-(phenylethynyl)pyrrolidin-2-one  (3.78):
Prepared according to general procedure B. trans-Ketal 3.77 (290 mg, 0.882 mmol, contaminated
with 6% cis isomer), pyridinium para-toluene sulfonate (111 mg, 0.441 mmol), acetone (12 mL),
and water (0.6 mL) provided the product 3.78 (164 mg, 66%) as a yellow oil after column
chromatography. Another example of this reaction used ketal 3.77 (490 mg, 1.4 mmol, 5:1
trans:cis), pyridinium para-toluenesulfonate (180 mg, 0.72 mmol, acetone (19 mL), and water (1
mL) to provide trans ketone 3.78 (310 mg, 73%, 19:1 trans:cis) and cis ketone (not shown, 18
mg, 4%, 7:1 cis:trans) each as clear oils after column chromatography.
Data for 3.78: (PAJ 6-196, 164 mg, 66%, NMR contaminated with ~5% of cis isomer; PAJ 7-
108, 328 mg, 77% total)
'"H NMR (500 MHz, CDCl5)
0 7.42-7.40 (m, 2H), 7.35-7.32 (m, 3H), 6.11 (d, /=2.5 Hz, 1H), 5.36 (d, J = 2.5
Hz, 1H), 4.08 (d, /= 4.5 Hz, 1H), 3.08-3.04 (m, 1H), 3.03 (s, 3H), 2.66-2.63 (app.
t,J=7.5 Hz, 2H), 2.17 (s, 3H), 2.12-2.04 (m, 1H), 1.90-1.84 (m, 1H) ppm
BC NMR (125 MHz, CDCls)
0207.5,167.1, 142.0, 131.9 (2C), 129.0, 128.6 (2C), 122.1, 116.5, 86.1, 85.9,
55.4,44.1,40.1, 30.3, 28.5, 27.3 ppm

IR (thin film)
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2924, 1696, 1424, 1396, 1265 cm’!
HRMS TOF MS ES+ M+H]: C1sH20NO»
Calc: 282.1489 Found: 282.1489

TLC Rr=0.48 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

’%O

TIPS 3.122a
(4S*,55*)-3-Methylene-4-(3-oxobutyl)-5-((triisopropylsilyl)ethynyl)pyrrolidin-2-one
(3.122a): Prepared according to general procedure B. Ketal 3.121a (120 mg, 0.306 mmol, pure
trans), pyridinium para-toluene sulfonate (39 mg, 0.15 mmol), acetone (4.1 mL), and water (0.3
mL) provided ketone 3.122a (74 mg, 70%) as a pale yellow oil after filtration through a plug of
silica (elution with 50% ethyl acetate in hexanes).

This reaction was repeated 6 times with an average yield of 73 + 9%. The cis and trans
isomers were generally taken on as a mixture but were isolated for characterization in some
cases. The trans:cis ratio reflected the ratio of the starting ketal. This reaction could be performed
on gram scale with good yields. For example, ketal 3.121a,b (1.74 g, 4.4 mmol, 2:1 trans:cis),
pyridinium para-toluenesulfonate (552 mg, 2.2 mmol), acetone (60 mL), and water (3 mL)
provided ketone 3.122a,b (1.05 g, 68%, 2:1 trans:cis) as a pale yellow oil after column
chromatography. Another example used ketal 3.121a,b (350 mg, 0.89 mmol, 2:1 trans:cis),
pyridinium para-toluenesulfonate (112 mg, 0.45 mmol), acetone (13 mL), and water (1 mL) to
provide ketone 3.122a,b (265 mg, 85%, 1.5:1 trans:cis) as a clear oil after column

chromatography.
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Data for 3.122a: (PAJ 7-20, 74 mg, 70%; 8-124, 1.05 g, 2:1 trans:cis; 7-146, 265 mg, 85%, 1.5:1

trans:cis)

'"H NMR (400 MHz, CDCl3)
0 6.26 (brs, 1H), 6.08 (d, J=2.6 Hz, 1H), 5.38 (dd, /= 2.6 Hz, 0.8 Hz, 1H), 4.00
(d, /J=4.8 Hz, 1H), 3.03-2.97 (m, 1H), 2.68-2.58 (m, 2H), 2.16 (s, 3H), 2.15-2.06
(m, 1H), 1.85-1.75 (m, 1H), 1.05 (s, 21H) ppm

C NMR (100 MHz, CDCl3)
0207.3,169.1, 141.6, 117.2, 105.9, 86.5, 48.9, 46.6, 40.3, 30.1, 26.9, 18.7 (6C),
11.2 (3C) ppm

IR (thin film)
2943, 2865, 2175, 1709, 1659, 1463, 1366, 1323 cm™!

HRMS TOF MS ES+ [M+H]: C20H340,NSi

Calc: 348.2359 Found: 348.2373

TLC Rr=0.48 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
O
HN
4 o
TIPS 3.122p

(4R*,55*)-3-Methylene-4-(3-oxobutyl)-5-((triisopropylsilyl)ethynyl)pyrrolidin-2-one

(3.122b): Prepared according to general procedure B. Ketal 3.121a,b (1.72 g, 4.39 mmol, 4:1
trans:cis), pyridinium para-toluene sulfonate (552 mg, 2.20 mmol), acetone (60 mL), and
deionized water (3 mL) provided ketone 3.122a,b (1.22 g, 80%, 4:1 trans:cis) and ketone
3.122a,b (30 mg, 2%, 5:1 cis:trans) each as a pale yellow oil after column chromatography

radient elution with 25-75% ethyl acetate in hexanes).
g y
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Data for 3.122b: (PAJ 8-28, 1.25 g, 80%, 4:1 trans:cis, NMR contained ~20% of trans isomer)

'"H NMR (400 MHz, CDCl3)
0 6.48 (brs, 1H), 6.07 (d, /J=2.4 Hz, 1H), 5.37 (d,J=2.4 Hz, 1H), 4.46 (d, J =
8.0 Hz, 1H), 3.04-2.99 (m, 1H), 2.69-2.51 (m, 2H), 2.14 (s, 3H), 2.13-1.97 (m,
2H), 1.0 (s, 21H) ppm
C NMR (100 MHz, CDCl3)
0207.5,170.0, 141.5, 117.3, 102.8, 88.8, 47.5, 41.3, 40.5, 30.0, 24.3, 18.6 (6C),
11.2 (3C) ppm
IR (thin film)
3175, 2909, 2832, 2145, 1690, 1639, 1446, 1348, 1308, 1257, 1151 cm’!
HRMS TOF MS ES+ [M+H]: C20H340,NSi
Calc: 348.2353 Found: 348.2363
TLC Rr=0.41 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

General Procedure C: Addition of Ethynyl Magnesium Bromide to Ketone

e) (0]
=—MgBr
HN (4 equiv) o HN
THF, 0°C
Vi o 3h Vi =
PR 358ab Ph "o
-204, 3.112a,b
75 + 6%

A flame-dried, 100-mL, single-necked, round-bottomed flask equipped with a magnetic

stir bar, a septum, and a nitrogen inlet needle was charged with ketone 3.58a,b (558 mg, 2.08

mmol, ~3:1 trans:cis) dissolved in tetrahydrofuran (25 mL). The solution was cooled to 0 °C in

an ice bath, then ethynyl magnesium bromide (0.5 M solution in tetrahydrofuran, 17 mL, 8.5

mmol) was added dropwise via syringe over 15 min. The reaction was stirred for 3 h at 0 °C,
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then quenched at 0 °C by dropwise addition of 1 N HCI (25 mL). The resulting solution was
transferred to a separatory funnel and extracted with diethyl ether (4 x 40 mL). The organic
layers were combined, washed with brine (20 mL), dried over magnesium sulfate, gravity
filtered, concentrated by rotary evaporation, and purified by silica gel flash column
chromatography eluting with 40-60% ethyl acetate in hexanes to provide trans propargyl alcohol
3.112a (41 mg, 7%), cis propargyl alcohol 3.112b (1 mg, 1%, cis), and a 4:1 trans:cis mixture of
propargyl alcohols 3.112a,b (385 mg, 63%) each as clear oils and a 1:1 ratio of diastereomers as
determined by '°C NMR.

The cis and trans isomers were generally taken on as a mixture, but were separated for
characterization in some cases. This reaction was repeated 6 times with an average yield of 75 +
6% and the trans:cis ratio of propargyl alcohol products reflected the ratio of the ketone starting
material. This reaction could be performed on gram scale. For example, ketone 3.58a,b (1.30 g,
4.9 mmol, 3:1 trans:cis), ethynyl magnesium bromide (0.5 M in THF, 38 mL, 19 mmol), and
THF (60 mL) provided propargyl alcohols 3.112a,b (1.13 g, 78%, 3:1 trans:cis) as a clear oil
after column chromatography. Another example using ketone 3.58a,b (640 mg, 2.4 mmol, 4:1
trans:cis), ethynyl magnesium bromide (0.5 M in THF, 19 mL, 9.5 mmol), and THF (29 mL)
provided propargyl alcohols 3.112a,b in two fractions (528 mg, 75%, 6:1 trans:cis, and 39 mg,

6%, 2:1 cis:trans) each as clear oils after column chromatography.

3.112a

(4S*,55*)-4-(3-Hydroxy-3-methylpent-4-ynyl)-3-methylene-5-(phenylethynyl)pyrrolidin-2-
one (3.112a):
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Data for 3.112a: (PAJ 7-62, 426 mg total, 70%, 4:1 trans:cis; PAJ 9-24, 1.13 g, 78%, 3:1

trans:cis; PAJ 8-32, 528 mg, 75%, 6:1 trans:cis, 39 mg, 6%, 2:1 cis:trans)

'"H NMR (500 MHz, CDCl3)
0 7.40-7.38 (m, 2H), 7.31-7.27 (m, 3H), 6.98 (br s, 1H), 6.12 (d, J= 2.0 Hz, 1H),
5.43 (d, J = 2.0 Hz, 1H), 4.26 (d, J = 4.5 Hz, 1H), 3.14-3.11 (m, 1H), 2.62 (br s,
1H), 2.46 (s, 1H), 2.04-1.96 (m, 1H), 1.90-1.79 (m, 3H), 1.52 (s, 3H) ppm
Et,0O detected at 3.48 and 1.21 ppm

C NMR (125 MHz, CDCls)
0 169.8, 142.0, 131.8 (2C), 128.8, 128.5 (20), 122.2, 117.6, 117.5*, 87.7, 87.4,
84.7, 72.01, 71.97*, 67.67, 67.65%, 48.9, 48.8%, 46.80, 46.78*, 39.9, 39.8*, 30.3,
30.2%, 28.9, 28.8* ppm
*Discernible signals for one of two diastereomers
Et>0 detected at 65.9 and 15.2 ppm

IR (thin film)
3448, 1652, 1156 cm’!

HRMS TOF MS ES+ [M+H]: C19H20NO>

Calc: 294.1489 Found: 294.1477

TLC Rr=0.36 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
O
HN
74 =
PH HO
3.112b

(4R*,55*)-4-(3-Hydroxy-3-methylpent-4-yn-1-yl)-3-methylene-5-(phenylethynyl)pyrrolidin-
2-one (3.112b):
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Data for 3.112b: (PAJ 7-62, 426 mg, 4:1 trans:cis, NMR contained ~15% of the trans isomer)

'"H NMR

3C NMR

HRMS

TLC

(500 MHz, CDCl3)

0 7.41-7.39 (m, 2H), 7.33-7.27 (m, 3H), 6.19 (br s, 1H), 6.13 (d, /= 2.3 Hz, 1H),
5.44 (d, J=2.3 Hz, 1H), 5.42 (d, J = 2.0 Hz, 1H)*, 4.70 (d, /= 7.5 Hz, 1H), 4.69
(d, /=28.0 Hz, 1H)*, 3.16-3.13 (m, 1H), 2.36 (s, 1H), 2.16 (s, 1H)*, 2.14-2.06 (m,
2H), 1.95-1.90 (m, 1H), 1.84-1.78 (m, 1H), 1.53 (s, 3H) ppm

(125 MHz, CDCl3)

0170.2, 141.7, 131.9 (2C), 131.85*(2C), 129.0, 128.9*, 128.6 (2C), 128.5%,
122.2,122.0*%, 117.3, 117.2*, 87.3, 87.2%, 85.0, 84.9*, 72.1, 71.9*, 68.0, 67.8%,
47.74,47.71*%,47.4, 46.2%,42.74, 42.71*, 40.55, 40.51*, 30.4, 30.3*, 30.2, 30.1*
ppm

*Discernible signals for one of two diastereomers

(thin film)

2929, 2231, 2145, 1686, 1660, 1490, 1435, 1400, 1276, 1082 cm’!

TOF MS ES+ [M+H]: C19H20NO>

Calc: 294.1489 Found: 294.1477

Rr=0.29 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

(4S*,5S*)-4-(3-Hydroxy-3-methylpent-4-ynyl)-1-methyl-3-methylene-5-

(phenylethynyl)pyrrolidin-2-one (3.79): Prepared according to general procedure C. Ketone

3.78 (310 mg, 1.04 mmol, trans:cis 7:1), THF (14 mL) and ethynyl magnesium bromide (0.5 M
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solution in THF, 6.3 mL, 3.1 mmol) provided propargyl alcohol 3.79 (198 mg, 62%, trans:cis
7:1, 1:1 ratio of diastereomers) as a white, sticky solid after column chromatography (gradient
elution with 20-60% ethyl acetate in hexanes). The diastereomeric ratio is based on the '*C
NMR, as the diastereomers were indistinguishable by 'H NMR.
Data for 3.79: (PAJ 7-114, 198 mg, 62%, trans:cis 7:1, NMR contaminated with about 7% of the
ketone starting material)
'"H NMR (400 MHz, CDCl3)
0 7.42-7.39 (m, 2H), 7.34-7.31 (m, 3H), 6.09 (d, /=2.6 Hz, 1H), 5.38 (d, J=2.6
Hz, 1H), 4.13 (d, J = 4.0 Hz, 1H), 3.07-3.05 (m, 1H), 3.03 (s, 3H), 2.47 (s, 1H),
2.28 (brs, 1H), 2.06-1.95 (m, 1H), 1.87-1.78 (m, 3H), 1.53 (s, 3H) ppm
C NMR (100 MHz, CDCl5)
0 167.2,142.14, 142.12*, 131.9 (2C), 128.9, 128.5 (2C), 122.1, 116.64, 116.66*,
87.2,86.1, 85.9, 72.13, 72.09%, 67.8, 67.7*, 55.4, 55.3*, 44.6, 44.5*, 39.9, 39.8%*,
30.4,30.3*%,29.2, 29.0*, 28.6 ppm
*Discernible signals for one of two diastereomers
IR (thin film)
3298, 2979, 2929, 2231, 2108, 1680, 1659, 1490, 1432, 1292, 1159, 1084 cm™!
HRMS TOF MS ES+ [M+H]: C20H22NO>
Calc: 308.1651 Found: 308.1658

TLC Rr=0.60 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
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(4S*,5S%)-4-(3-Hydroxy-3-methylpent-4-ynyl)-3-methylene-5-
((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.123a): Prepared according to general procedure
C. Ketone 3.122a (270 mg, 0.78 mmol, pure trans), ethynyl magnesium bromide (0.5 M solution
in tetrahydrofuran, 6.2 mL, 3.1 mmol), and tetrahydrofuran (9.3 mL) yielded the propargyl
alcohol 3.123a (265 mg, 91%) as a pale yellow oil and a 1:1 mixture of diastereomers based on
the °C NMR.

This reaction was repeated 5 times with an average yield of 82 = 9% and the trans:cis
ratio remained the same as the starting material. For example, ketone 3.122a,b (2.30 g, 6.62
mmol, 2.3:1 trans:cis), ethynyl magnesium bromide (0.5 M in THF, 53 mL, 27 mmol), and THF
(79 mL) provided propargyl alcohol 3.123a,b (2.25 g, 6.02 mmol, 2.3:1 trans:cis) in 91% yield.

Data for 3.123a: (PAJ 7-44, 265 mg, 91%, 1:1 mixture of diastereomers)

'"H NMR (500 MHz, CDCl5)
0 6.09 (d, J=3.0 Hz, 1H), 5.90 (br s, 1H), 5.41 (s, 1H), 4.05 (d, J= 5.0 Hz, 1H),
3.05-3.04 (m, 1H), 2.47 (s, 1H)*, 2.46 (s, 1H), 2.16-2.03 (m, 1H), 1.93-1.77 (m,
4H), 1.24 (s, 3H), 1.05 (s, 21H) ppm

BC NMR (125 MHz, CDCls)
o 169.1, 141.8, 117.13, 117.09*, 105.9, 87.2, 87.1*, 86.4, 72.1, 67.80, 67.77%,
49.0, 48.9%, 47.4, 47.3*, 30.5, 30.3*, 28.45, 28.40%*, 25.0, 18.7 (6C), 11.2 (3C)
ppm
*Discernible signals for one of two diastereomers

IR (thin film)
2943, 2865, 1703, 1660, 1462, 1323, 1260, 1093, 1019 cm!

HRMS TOF MS ES+ [M+H]: C22H3¢NOSi
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Calc: 374.2515 Found: 374.2508

TLC Rr=0.33 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
O
HN
Vi =
TIPS HO
3.123b

(4R*,55*)-4-(3-Hydroxy-3-methylpent-4-yn-1-yl)-3-methylene-5-
((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.123b): Prepared according to general procedure
C. Ketone 3.122a,b (1.22 g, 3.51 mmol, 4:1 trans:cis), ethynyl magnesium bromide (0.5 M
solution in THF, 28 mL, 14 mmol), and THF (42 mL) provided trans propargyl alcohol 3.123a,b
(1.07 g, 82%, 4:1 trans:cis) and cis propargyl alcohol 3.123b,a (52 mg, 4%, 2:1 cis:trans) each as
a white sticky solid after column chromatography (gradient elution with 50-75% ethyl acetate in
hexanes). The ratio of diastereomers was estimated to be about 1.5:1 based on the ratio of *C
NMR peaks, but the peaks could not be separately integrated in the 'H NMR.

Data for 3.123b: (PAJ 8-34, 1.12 g, 86%, ~4:1 trans:cis overall, NMR contained ~56% of trans

isomer)

'"H NMR (400 MHz, CDCl5)
§ 6.52 (brs, 1H), 6.06 (d, J= 1.8 Hz, 1H), 5.38 (d, J= 1.8 Hz, 1H), 4.48 (app t, J
= 6.6 Hz, 1H), 3.04-3.00 (m, 1H), 2.42 (s, 1H), 2.41%*(s, 1H), 2.04-1.95 (m, 2H),
1.89-1.75 (m, 2H), 1.50 (s, 3H), 1.49* (s, 3H), 1.02 (s, 21H) ppm

BC NMR (100 MHz, CDCls)
§170.3,170.2%, 141.8, 117.2, 116.9%, 103.2, 103.0*, 88.7, 88.5%, 87.7, 87.3*,
72.0, 71.7*, 67.9, 67.7*, 48.0, 47.9%, 42.8, 42.7*, 40.4, 40.2*, 30.2, 30.0%, 25.2,
25.0%, 18.70 (6C), 18.67*, 11.2 (3C) ppm
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*Discernible signals for one of two diastereomers
IR (thin film)

2943, 2246, 2172, 1703, 1658, 1544, 1462, 1321, 1172, 1072 cm™!
HRMS TOF MS ES+ [M+H]: C22H36NO2Si

Calc:308.1651 Found: 308.1658

TLC Rr=0.22 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

DMAP, Ac,0,
__  EtN,DCM _
— it, 3 h —

3.80, 54%
3-Methyl-5-((2S*,3S*)-1-methyl-4-methylene-5-oxo-2-(phenylethynyl)pyrrolidin-3-yl)pent-
1-yn-3-yl acetate (3.80): A flame-dried, 5-mL, single-necked, round-bottomed flask equipped
with a stir bar, septum, and nitrogen inlet needle was charged with dimethylaminopyridine
(DMAP, 4 mg, 0.03 mmol) and propargyl alcohol 3.79 (86 mg, 0.27 mmol) dissolved in DCM
(1.3 mL) and cooled to 0 °C. Triethylamine (0.37 mL, 2.7 mmol) was added dropwise via
syringe over 2 min, followed by dropwise addition of acetic anhydride (0.12 mL, 1.3 mmol) over
1 min via syringe. The ice bath was removed, and the mixture was allowed to warm to rt for 3 h.
TLC showed consumption of the starting material, so the mixture was diluted with DCM (25
mL) and transferred to a separatory funnel. The organic layer was washed with saturated aqueous
ammonium chloride (5 mL), then brine (5 mL), dried over magnesium sulfate, gravity filtered,
concentrated by rotary evaporation, and purified by flash column chromatography on silica gel
(gradient elution with 40-50% ethyl acetate in hexanes) to provide lactam 3.80 (50 mg, 54%) as a

clear oil and a 1:1 ratio of diastereomers based on ratio of peaks in the '°C NMR.
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Using acetic anhydride and following general procedure D (see below) 30% of acetate

3.80 was obtained after column chromatography.

Data for 3.80: (PAJ 6-206, 50 mg, 54%)

'"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

0 7.42-7.40 (m, 2H), 7.34-7.29 (m, 3H), 6.13 (d, /=2.4 Hz, 1H), 5.37 (d, /=24
Hz, 1H), 4.11 (d, J=4.0 Hz, 1H), 3.08-3.05 (m, 1H), 3.03 (s, 3H), 2.58 (s, 1H),
2.16-2.07 (m, 1H), 2.03 (s, 3H), 1.98-1.81 (m, 3H), 1.70 (s, 3H) ppm

(100 MHz, CDCl3)

0 169.42, 169.39%, 167.1, 142.0, 131.9 (2C), 129.0, 128.5 (2C), 122.1, 116.6,
116.5%, 86.0, 83.42, 83.39%, 74.51, 74.48*, 74.02, 74.00*, 55.3, 55.2%, 44.5,
44.4* 38.23, 38.19%, 28.63, 28.57, 28.5, 26.71, 26.66*, 22.01 ppm

*Discernible signals for one of two diastereomers

(thin film)

3292, 2937, 2243, 2120, 1742, 1697, 1661, 1427, 1243, 1173, 1082 cm’!

TOF MS ES+ [M+H]: C22H24NO3

Calc: 350.1751 Found: 350.1751

Rr=0.26 (50% EtOAc/hexanes, [silica gel, UV, KMnO4]

General Procedure D: Formation of Propargyl Pivalate from Propargyl Alcohol

0]
HN

74

PH HO
3.112a,b

O
Sc(0Tf); (0.4 equiv) HN
Piv,0 -
- MeCN, // -
- rt, 16 h PH PivO
3.113a,b
69 £ 1%
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This reaction was generally performed on a mixture of cis and trans propargyl alcohols
3.112a,b and separated after this reaction as the pivalates 3.113a,b were the most easily
separable cis and trans lactam isomers.

A flame-dried, 10-mL test tube equipped with a magnetic stir bar, septum, and nitrogen
inlet needle was charged with propargyl alcohol 3.112a (56 mg, 0.18 mmol, pure trans) dissolved
in acetonitrile (0.72 mL). Trimethyl acetic anhydride (0.05 mL, 0.2 mmol) was then added via
syringe followed by scandium(III) trifluoromethanesulfonate (36 mg, 0.073 mmol). The reaction
was stirred at rt for 16 h. TLC showed consumption of the starting material, so the reaction was
diluted with diethyl ether (20 mL), transferred to a separatory funnel, then washed with saturated
sodium bicarbonate solution (10 mL). The aqueous layer was extracted with diethyl ether (2 x 10
mL), the organic layers were combined, washed with brine, dried over magnesium sulfate,
gravity filtered, concentrated by rotary evaporation, and purified by silica gel flash column
chromatography (gradient elution with 15-30% ethyl acetate in hexanes) to provide propargyl
pivalate 3.113a (54 mg, 76%) as a clear oil. The diastereomers were not distinguishable by 'H
NMR. *C NMR showed a 1:1 mixture of diastereomers.

This reaction was repeated 7 times with a yield of 69 + 11%. The ratio of isolated
trans:cis products reflected the ratio of the propargyl alcohol starting materials. For example,
propargyl alcohol 3.112a,b (368 mg, 1.25 mmol, 3.5:1 trans:cis), pivalic anhydride (0.36 mL, 1.8
mmol), scandium(IIl) trifluoromethanesulfonate (246 mg, 0.50 mmol), and MeCN (5 mL)
provided trans pivalate 3.113a (299 mg, 61%) and cis pivalate 3.113b (79 mg, 16%) after
column chromatography. Another example, propargyl alcohol 3.112a,b (1.13 g, 3.85 mmol, 3:1
trans:cis), pivalic anhydride (0.94 mL, 4.62 mmol), scandium(III) trifluoromethanesulfonate (758

mg, 1.54 mmol), and acetonitrile (15 mL) provided trans pivalate 3.113a (490 mg, 34%), cis

219



pivalate 3.113b (163 mg, 11%), and a 4:1 trans:cis mixture (176 mg, 12%) each as a clear oil

after column chromatography.

0]

HN

0
Z.

T

3.113a

Ph

3-Methyl-5-((2S*,3S*)-4-methylene-5-oxo-2-(phenylethynyl)pyrrolidin-3-yl)pent-1-yn-3-yl
pivalate (3.113a):

Data for 3.113a: (PAJ 6-160, 54 mg, 76%; PAJ 7-184, 299 mg trans, 79 mg cis, 77% total; PAJ

9-26, 490 mg trans, 163 mg cis, 176 mg mix, 57% total)

"H NMR (500 MHz, CDCl3)
0 7.35-7.34 (m, 2H), 7.27-7.21 (m, 3H), 6.98 (s, 1H), 6.08 (d, /=2 Hz, 1H), 5.36
(s, 1H), 4.21 (d, J = 4.5 Hz, 1H), 3.10-3.09 (m, 1H), 2.50 (s, 1H), 2.12-2.04 (m,
1H), 1.95-1.90 (m, 2H), 1.84-1.77 (m, 1H), 1.64 (s, 3H), 1.13 (s, 9H) ppm

BC NMR (125 MHz, CDCls)
0 176.6, 169.6, 142.0, 131.8 (2C), 128.8, 128.4 (2C), 122.2, 117.3, 117.2*, 87.5,
84.8, 83.52, 83.47*, 74.0, 73.9*, 73.7, 73.6*, 48.8, 48.7*, 46.7, 39.3, 38.34,
38.27*,28.2,27.1 (3C), 26.6 ppm
*Discernible signals for one of two diastereomers

IR (thin film)
2926, 1702, 1711, 1456, 1153 cm’!

HRMS TOF MS ES+ [M+H]: C24H23NO3
Calc: 378.2064 Found: 378.2049

TLC Rr=0.47 (50% EtOAc/hexanes) [silica gel, UV, KMnOQO4]
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74

PH PivO
3.113b

Il

3-Methyl-5-((2S*,3R*)-4-methylene-5-oxo-2-(phenylethynyl)pyrrolidin-3-yl)pent-1-yn-3-yl
pivalate (3.113b): Propargyl pivalate 3.113b was prepared according to general procedure D. A
mixture of propargyl alcohols 3.113a,b (140 mg, 0.48 mmol, 5:1 trans:cis), trimethyl acetic
anhydride (0.12 mL, 0.57 mmol), scandium(III) trifluoromethane sulfonate (94 mg, 0.19 mmol),
and acetonitrile (1.9 mL) provided trans isomer 3.113a (99 mg, 55%) as a clear oil, cis isomer
3.113b (20 mg, 11%) as a clear oil, and a 2:1 trans:cis mixture (7 mg, 4%) as a clear oil after
column chromatography (gradient elution with 15-30% ethyl acetate in hexanes). A 1.5:1 ratio of
diastereomers was determined by integration of terminal alkyne resonances in the '"H NMR at
2.48 (major) and 2.43 ppm (minor).

Data for 3.113b: (PAJ 7-68, 20 mg cis, 99 mg trans, 66% total, 5:1 trans:cis isolated ratio; PAJ

7-184, 299 mg trans, 79 mg cis, 77% total; PAJ 9-26, 490 mg trans, 163 mg cis, 176 mg mix,
57% total)
'"H NMR (500 MHz, CDCl5)
0 7.39-7.38 (m, 2H), 7.31-7.28 (m, 3H), 6.58 (br s, 1H), 6.57* (br s, 1H), 6.13 (m,
1H), 5.41-5.40 (m, 1H), 4.71 (d, J= 7.5 Hz, 1H), 4.70* (d, /= 7.5 Hz, 1H),
3.12-3.08 (m, 1H), 2.48 (s, 1H), 2.43* (s, 1H), 2.17-2.14 (m, 1H), 2.09-2.01
(m, 3H), 1.68 (s, 3H), 1.45*(s, 9H), 1.11 (s, 9H) ppm
BC NMR (125 MHz, CDCls)
0176.7,170.20, 170.15%, 141.8, 141.7*, 131.9 (2C), 128.9, 128.4 (2C) 122.20,
122.18%,117.1, 87.03, 86.99*, 84.9, 84.8*, 83.8, 83.5*, 74.2, 73.9%, 73.7, 73.5%,
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47.8,42.70, 42.68*, 30.32, 39.30%*, 39.1, 39.0%, 27.1 (3C), 26.7, 26.6*, 25.0,
24.8* ppm
*Discernible signals for one of two diastereomers
IR (thin film)
2974,2934, 1705, 1660, 1491, 1479, 1444, 1322, 1285, 1150, 1103 cm’!
HRMS TOF MS ES+ [M+H]: C24H2sNO3
Calc: 378.2064 Found: 378.2068

TLC Rr=0.37 (50% EtOAc/hexanes) [silica gel, UV, KMnO4]

”
“.

7 ’%{—:
TIPS PivO

3.124a
3-Methyl-5-((2S*,3S*)-4-methylene-5-oxo-2-((triisopropylsilyl)ethynyl)pyrrolidin-3-yl)pent-
1-yn-3-yl pivalate (3.124a): Prepared according to general procedure D. Lactam 3.123a (100
mg, 0.27 mmol, pure trans), scandium(IIl) trifluoromethanesulfonate (53 mg, 0.11 mmol),
pivalic anhydride (0.07 mL, 0.35 mmol), and acetonitrile (1.1 mL) provided pivalate 3.124a (118
mg, 96%) as a clear oil after column chromatography (gradient elution with 20-50% ethyl acetate
in hexanes). 1*C NMR showed a 1:1 mixture of diastereomers.

This reaction was repeated following general procedure D. Lactam 3.123a,b (230 mg,
0.62 mmol, 2.5:1 trans:cis), scandium(Ill) trifluoromethanesulfonate (121 mg, 0.25 mmol),
pivalic anhydride (0.16 mL, 0.80 mmol), and acetonitrile (2.5 mL) provided trans pivalate
3.124a (110 mg, 39%) and cis pivalate 3.124b (44 mg, 16%) as clear oils after column
chromatography in a total yield of 55%. Another repetition on a 1 g scale is shown below for

formation of cis pivalate 3.124b.
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Data for 3.124a: (PAJ 7-50, 118 mg, 96%; PAJ 7-152, 110 mg, 39% trans, 55% total, 2.5:1

trans:cis; PAJ 8-38, 565 mg, 43% trans, 59% total, 4:1 trans:cis)

'"H NMR

3C NMR

HRMS

TLC

0

HN

74

TIPS

(500 MHz, CDCl3)

6.49 (s, 1H), 6.08 (d, J = 2.6 Hz, 1H), 5.38 (d, /= 2.6 Hz, 1H), 5.37* (d,J=2.4
Hz, 1H), 4.05 (d, J=5.2 Hz, 1H), 4.04* (d, /= 5.2 Hz, 1H), 3.05-3.01 (m, 1H),
2.532 (s, 1H), 2.527* (s, 1H), 2.15-1.90 (m, 2H), 1.88-1.76 (m, 2H), 1.67 (s,
3H), 1.18 (s, 9H), 1.02 (s, 21H) ppm

(125 MHz, CDCl3)

176.6, 169.4, 141.83, 141.81*, 117.0, 116.9%, 105.75, 105.74*, 86.4, 83.43,
83.40*, 73.9, 73.8*, 73.65, 73.60%*, 49.0, 48.9*, 47.0, 39.3, 38.73*, 38.69, 38.57%,
27.9,27.8%,27.3 (3C), 27.2* (3C), 26.51, 26.49%*, 18.7 (6C), 11.2 (3C) ppm
*Discernible signals for one of two diastereomers

(thin film)

2943, 2866, 1709, 1660, 1462, 1367, 1325, 1285, 1101 cm™!

TOF MS ES+ [M+H]: C27H44NO3Si

Calc: 458.3090 Found: 458.3059

Rr=0.37 (25% EtOAc/hexanes) [silica gel, UV, KMnQO4]

PivO
3.124b

3-Methyl-5-((2S*,3R*)-4-methylene-5-oxo0-2-((triisopropylsilyl)ethynyl)pyrrolidin-3-

ylpent-1-yn-3-yl pivalate (3.124b): Propargyl pivalate 3.124b was prepared according to

general procedure D. Propargyl alcohol 3.123a,b (1.07 g, 2.87 mmol, 4:1 trans:cis), pivalic
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anhydride (0.70 mL, 3.5 mmol), scandium (III) trifluoromethanesulfonate (565 mg, 1.15 mmol),

and acetonitrile (12 mL) provided trans lactam 3.124a (565 mg, 43%), cis lactam 3.124b (139

mg, 11%), and a 2:1 trans:cis mixture (72 mg, 5%) each as a clear oil after column

chromatography (gradient elution with 5-25% ethyl acetate in hexanes). A 1.7:1 ratio of

diastereomers was determined by integration of methylene hydrogen resonances in the 'H NMR

at 5.38 ppm for the major diastereomer and 5.40 ppm for the minor diastereomer.

Data for 3.124b: (PAJ 8-38, 139 mg, 11% cis, 59% total, 4:1 trans:cis; PAJ 7-152, 110 mg, 39%,

55% total, 2.5:1 trans:cis)

'"H NMR

3C NMR

HRMS

(500 MHz, CDCl3)

06.10 (app t,J=2.8 Hz, 1H), 5.84 (br s, 1H), 5.40 (d, J=2.0 Hz, 1H), 5.38*(d, J
= 1.5 Hz, 1H), 4.51 (app t, /= 7.0 Hz, 1H), 3.05-3.02 (m, 1H), 2.52 (s, 1H),
2.51%(s, 1H), 2.08-1.96 (m, 3H), 1.93-1.88 (m, 1H), 1.68 (s, 3H), 1.66*(s, 3H),
1.183 (s, 9H), 1.177*(s, 9H), 1.04 (s, 21H), 1.03*(s, 21H) ppm

(125 MHz, CDCls)

0 176.7,169.85, 169.77*, 141.65, 141.61*, 117.3, 117.2*, 103.04, 102.99*, §89.0,
88.9%, 83.9, 83.4*,74.3, 73.9%, 73.8, 73.4*,47.9,42.8, 42.6*, 39.4,

39.3%*,39.0, 38.8*, 27.20 (3C), 27.19*, 26.6, 26.3*, 25.0, 24.8*, 18.7 (6C), 11.2
(3C) ppm

*Discernible signals for one of two diastereomers

(thin film)

3270, 2909, 2832, 2219, 2150, 1684, 1640, 1445, 1308 cm!

TOF MS ES+ [M+H]: C27H44NOsSi

Calc: 458.3085 Found: 458.3095
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TLC Rr=0.29 (25% EtOAc/hexanes) [silica gel, UV, KMnO4]

O TBSCI, E3N,
DMAP
’ DCM, 40 °C,
’E 17 h
PH PivO
3.113a 3.137a, 45%

5-((2S*,3S*)-1-(tert-Butyldimethylsilyl)-4-methylene-5-0xo-2-(phenylethynyl)pyrrolidin-3-
yl)-3-methylpent-1-yn-3-yl pivalate (3.137a): A flame-dried, 25-mL, round-bottomed flask
equipped with a stir bar, septum, and nitrogen inlet needle was charged with lactam 3.113a (110
mg, 0.29 mmol) and dichloromethane (10 mL). tert-Butyl silyl chloride (439 mg, 2.9 mmol),
triethylamine (0.61 mL, 4.4 mmol), and dimethylaminopyridine (4 mg, 0.03 mmol) were added
to the lactam solution in that order. A reflux condenser was attached, sealed with a septum, and
the system evacuated and filled with nitrogen (3x) then the solution was lowered into a 40 °C oil
bath and stirred for 17 h. TLC analysis showed consumption of the starting material so the
reaction was concentrated by rotary evaporation, then purified by silica gel flash column
chromatography eluting with 5-10% ethyl acetate in hexanes. The desired silyl lactam 3.137a
was isolated as a clear oil (64 mg, 45%) and some loss of the silyl group during chromatography
was observed (42 mg starting material recovered).

Data for 3.137a: (PAJ 8-196, 64 mg, 45%, unknown impurities present, peaks reported for 1 of 2

diastereomers)

'"H NMR (400 MHz, CDCls)
§ 7.37-7.34 (m, 2H), 7.31-7.29 (m, 3H), 6.09 (d, J = 1.6 Hz, 1H), 5.39 (app s,
1H), 4.17 (app t, J = 2.0 Hz, 1H), 3.08-3.06 (m, 1H), 1.92-1.79 (m, 4H), 1.67 (s,
3H), 1.17 (s, 9H), 1.02 (s, 9H), 0.08 (s, 6H) ppm

BC NMR (100 MHz, CDCls)
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0 176.7, 174.4, 143.7, 131.6 (2C), 128.7, 128.5 (2C), 122.6, 117.6, 89.9, 84.6,
83.6, 83.5, 74.0, 73.7, 53.3, 47.6, 39.4, 38.6, 29.9, 25.8 (3C), 18.1 (3C), -3.5 (2C)
ppm

IR (thin film)
3307, 2957, 2248, 1735, 1692, 1660, 1479, 1395, 1149, 1090 cm™!

HRMS TOF MS ES+ [M+H]: C30H42NO3Si
Calc: 492.2929 Found: 492.2904

TLC Rr=0.57 (25% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

[(PhsP)CuH]g

., toluene, -, +
’>%/: -10 - 0 °C, Vi ’>/
3.113a
30-50%
1:0to 1:3

General Procedure E: Conversion of Propargyl Ester to 1,1-Disubstituted Allenes Using
(Triphenylphosphine)copper Hydride Hexamer

A flame-dried, 15-mL, round-bottomed flask equipped with a stir bar, septum, and
nitrogen inlet needle was charged with propargyl pivalate 3.113a (107 mg, 0.272 mmol), toluene
(7 mL), and deionized water (0.01 mL). This solution was degassed by bubbling nitrogen
through the solution for 10 min, then the solution was cooled to -10 °C.
(Triphenylphosphine)copper hydride hexamer (533 mg, 0.272 mmol) was weighed in a glove
box under a N> atmosphere, removed, and added to the degassed solution in a single portion. The
flask was evacuated and filled with nitrogen (3x) and stirred under nitrogen for 2 h. Completion
of the reaction was observed by a '"H NMR aliquot which showed the disappearance of the
terminal alkyne proton at 2.5 ppm. The reaction was quenched by pouring the reaction mixture
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into a cooled (0 °C) solution of saturated ammonium chloride. The mixture was diluted with
Et;O (10 mL) and stirred open to air for 30 min, then poured into a separatory funnel and
extracted with diethyl ether (3 x 10 mL). The organic layers were dried over magnesium sulfate,
filtered through a plug of silica gel eluting with diethyl ether, concentrated by rotary evaporation,
then purified by silica gel flash column chromatography eluting with 15-30% ethyl acetate in
hexanes to give 1,1-disubstituted allene 3.114 (24 mg, 33%) as a clear oil.

Initially when performing the allene formation with an older bottle of Stryker's reagent
purchased from Sigma-Aldrich (90%) and had been stored in the glovebox, we did not see any
reduction of the a-methylene, but when a new bottle from Acros (97%) was used, significant
amounts of the reduced product (~1:1 desired to reduced) were obtained. Lowering the
temperature to -10 °C gave better ratios near 10:1 of the desired product to the reduced product.
Other commercial sources and batches of Stryker’s reagent (Sigma-Aldrich 90%, Acros 97%) or
Stryker's reagent synthesized from copper (II) acetate, triphenylphosphine, and diphenylsilane'®’
gave similar ratios and yields when the reaction was conducted at -10 °C. However, the ratio of
products varied significantly (from 1:1 to 10:1) when the reaction was performed at rt. It should
also be noted that the sources of Stryker’s reagent varied in appearance: Acros (97%) was bright
to dark orange depending on batch, Sigma-Aldrich (90%) was brick red to light brown
depending on batch, and freshly prepared Stryker’s reagent'®® was a reddish orange color similar

to that purchased from Acros.

3.114 //.
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(4S*,5S%)-3-Methylene-4-(3-methylpenta-3,4-dienyl)-5-(phenylethynyl)pyrrolidin-2-one
(3.114):

Data for 3.114: (PAJ 7-82, 24 mg, 33%)

'"H NMR (400 MHz, CDCl3)
0 7.41-7.38 (m, 2H), 7.33-7.30 (m, 3H), 6.77 (br s, 1H), 6.11 (d, J=2.2 Hz, 1H),
5.41 (d, J=2.2 Hz, 1H), 4.66-4.64 (m, 2H), 4.26 (d, /=4.0 Hz, 1H), 3.17-3.16
(m, 1H), 2.15-2.08 (m, 2H), 1.92-1.86 (m, 1H), 1.81-1.74 (m, 1H), 1.71 (t, J=3.2
Hz, 3H) ppm

C NMR (100 MHz, CDCl5)
0206.1,169.7, 142.2, 131.8 (2C), 128.8, 128.5 (2C), 122.3, 117.3, 97.7, 87.8,
84.5,75.3,49.0,46.4,31.9,29.9, 19.1 ppm

IR (thin film)
2922, 1741, 1736, 1445, 1372, 1270, 1216, 1110, 1042 cm’!

HRMS TOF MS ES+ [M+H]: C19H20NO
Calc: 278.1539 Found: 278.1533

TLC Rr=0.44 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

W

3.57 //

(4S*,55*)-1-Methyl-3-methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-

(phenylethynyl)pyrrolidin-2-one (3.57): Prepared according to general procedure E. Propargyl
acetate 3.80 (69 mg, 0.20 mmol), (triphenylphosphine)copper hydride hexamer (385 mg, 0.196
mmol), toluene (5.0 mL), and deionized water (0.01 ml) provided allene 3.57 (30 mg, 53%) as a
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clear oil after column chromatography (gradient elution with 10-20% ethyl acetate in hexanes).
Some baseline impurities from triphenylphosphine byproducts of Stryker’s reagent were
observed in the aromatic regions of the 'H and '*C NMR spectra.
Data for 3.57: (PAJ 7-134, 30 mg, 53%)
'"H NMR (500 MHz, CDCl3)
0 7.41-7.40 (m, 2H), 7.34-7.30 (m, 3H), 6.07 (d, /= 1.5 Hz, 1H), 5.35 (s, 1H),
4.66- 4.64 (m, 2H), 4.11 (d, J=4.0 Hz, 1H), 3.08 (app br s, 1H), 3.03 (s, 3H),
2.14-2.08 (m, 2H), 1.90-1.84 (m, 1H), 1.77-1.73 (m, 1H), 1.71 (t, /= 3.0 Hz, 3H)
ppm
C NMR (125 MHz, CDCls)
0201.2,167.3,142.4,131.9 (2C), 128.9, 128.5 (2C), 122.2, 116.3, 97.7, 86.2,
85.7,75.2,55.5,44.2,32.2,30.0, 28.5, 19.1 ppm
IR (thin film)
2078, 1633, 1414, 1381, 1260, 1058 cm’!
HRMS TOF MS ES+ [M+H]: C20H22NO
Calc: 292.1701 Found: 292.1712

TLC Rr=0.66 (50% EtOAc/hexanes) [silica gel, UV, KMnOQO4]

3.115 //.

The reduced product 3.115 was never completely characterized, but was evident by the

presence of a methyl doublet at 1.03 ppm and a doublet at 4.23 ppm corresponding to Ha in the
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"H NMR spectra of allene-yne 3.114; similar resonances were observed for the reduced products
with a TIPS-substituted alkyne 3.126 or terminal alkyne 3.208 (full characterization data below).

0]

HN aww

7
PH :
sa3a

(4R*,55*)-3-Methyl-4-(3-methylpenta-3,4-dien-1-yl)-5-(phenylethynyl)pyrrolidin-2-one
(3.134): Prepared according to general procedure E. Cis lactam 3.113b (75 mg, 0.19 mmol),
(triphenylphosphine)copper hydride hexamer (373 mg, 0.19 mmol), toluene (5 mL), water (0.01
mL) provided allene 3.134 (19 mg, 36%) after column chromatography (gradient elution with
15-25% ethyl acetate in hexanes) as a clear oil and as the only product.

Data for 3.134: (PAJ 7-192, 19 mg, 36%)

'"H NMR (500 MHz, CDCl5)
0 7.40-7.38 (m, 2H), 7.33-7.31 (m, 3H), 5.77 (br s, 1H), 4.64-4.61 (m, 2H), 4.51
(d, /J=7.0Hz, 1H), 2.27-2.14 (m, 3H), 2.03-1.98 (m, 1H), 1.92-1.84 (m, 2H),
1.71 (t, /= 3.0 Hz, 3H), 1.20 (d, /= 7.0 Hz, 3H), ppm

BC NMR (125 MHz, CDCls)
0 206.3, 179.8, 131.8 (2C), 128.8, 128.5 (2C), 122.5, 97.8, 86.4, 85.3, 74.7, 47.6,
46.8,40.3,31.2, 28.0, 18.8, 13.8 ppm

IR (thin film)
3245, 2895, 1937, 1681, 1426, 1361 cm’

HRMS TOF MS ES+ [M+H]: C19H22NO
Calc: 280.1696 Found: 280.1698

TLC Rr=0.33 (50% EtOAc/hexanes) [silica gel, UV, vanillin]
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(4S*,55*)-1-(tert-Butyldimethylsilyl)-3-methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-

(phenylethynyl)pyrrolidin-2-one (3.138a): Prepared according to general procedure E.

Propargyl pivalate 3.137a (55 mg, 0.11 mmol), (triphenylphosphine)copper hydride hexamer

(220 mg, 0.11 mmol), toluene (3.0 mL), and deionized water (0.01 ml) provided allene 3.138a

(13 mg, 30%) as a pale yellow oil after column chromatography (gradient elution with 15-50%

ethyl acetate in hexanes).

Data for 3.138a: (PAJ 8-198, 13 mg, 30%)

"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

8 7.37-7.35 (m, 2H), 7.31-7.29 (m, 3H), 6.06 (d, J= 1.2 Hz, 1H), 5.37 (d, J=1.2
Hz, 1H), 4.65 (app. q, J = 3.0 Hz, 2H), 4.17 (d, J = 2.0 Hz,1H), 3.10-3.07 (m,
1H), 2.08-2.04 (m, 2H), 1.80-1.66 (m, 2H), 1.73 (t, J = 6.2 Hz, 3H), 1.02 (s, 9H),
0.41 (s, 3H), 0.39 (s, 3H) ppm

(100 MHz, CDCI3)

3 206.2, 174.6, 144.0, 131.6 (2C), 128.6, 128.5 (2C), 122.7, 117.3, 97.6, 90.3,
84.4,75.1,53.5,47.3,33.1, 30.5, 30.0, 27.3, 25.8, 19.4, 19.0, -3.4, -4.7 ppm

(thin film)

3307, 2923, 2235, 1959, 1692, 1661, 1469, 1352, 1252 cm’!

TOF MS ES+ [M+H]: C25H34NOSi

Calc: 392.2404 Found: 392.2386

Rr=0.28 (25% EtOAc/hexanes) [silica gel, UV, KMnOj4]
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(4S*,5S%)-3-Methylene-4-(3-methylpenta-3,4-dienyl)-5-
((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.125): Prepared according to general procedure
E at -20 °C. Propargyl pivalate 3.124a (110 mg, 0.24 mmol), (triphenylphosphine)copper
hydride hexamer (424 mg, 0.22 mmol), and toluene (6 mL) yielded allenes 3.125 (39 mg, 46%)
and 3.126 (9 mg, 11%) in a 4:1 ratio each as a clear oil after column chromatography (gradient
elution with 5-25% ethyl acetate in hexanes). Other repetitions of this reaction gave 31-53% of
the desired allene 3.125 with 0-31% of the reduced methylene product 3.126.

Data for 3.125: (8-62, 39 mg, 46%, baseline impurities which appear to be from reduction of the

allene or alkyne to an alkene and some triphenylphosphine byproducts from Stryker’s reagent

were present in 'H and 3*C NMR)

'H NMR (400 MHz, CDCl3)
0 6.24 (brs, 1H), 6.05 (d, J=2.4 Hz, 1H), 5.36 (d, /= 2.4 Hz, 1H), 4.66-4.63 (m,
2H), 4.03, (d, J = 4.8 Hz, 1H), 3.08-3.03 (m, 1H), 2.16-2.09 (m, 1H), 2.06-1.99
(m, 1H), 1.93-1.84 (m, 1H), 1.72-1.61 (m, 1H) 1.69 (t, J = 3.0 Hz, 3H), 1.04 (s,
21H) ppm

BC NMR (100 MHz, CDCl5)
0206.0, 169.5, 142.1, 117.0, 106.2, 97.9, 86.1, 75.4, 49.1, 47.0, 31.7, 30.1, 19.2,
18.7 (6C), 11.2 (3C) ppm

IR (thin film)
2926, 2865, 1704, 1658, 1462, 1324 cm™!
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HRMS TOF MS ES+ [M+H]: C22H36NOSi
Calc: 358.2561 Found: 358.2566

TLC Rr=0.32 (25% EtOAc/hexanes) [silica gel, UV, KMnO4]

(4S*,55*)-3-Methyl-4-(3-methylpenta-3,4-dien-1-yl)-5-
((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.126): The ratio of diastereomers was
determined by integration of the resonances for Ha at 4.02 ppm for the minor diastereomer and
3.95 ppm for the major diastereomer.

Data for 3.126: (PAJ 8-62, 9 mg, 11%, 8.3:1 dr, peaks reported for major diastereomer only)

'"H NMR (500 MHz, CDCl5)
0 5.77 (br s, 1H), 4.64-4.62 (m, 2H), 3.95 (d, J = 8.0 Hz, 1H), 2.18-2.11 (m, 1H),
2.09-2.01 (m, 3H), 1.80-1.74 (m, 1H), 1.69 (t, J= 2.7 Hz, 3H), 1.69-1.60 (m, 1H),
1.24 (d, J=10.5 Hz, 3H), 1.05 (s, 21H) ppm

BC NMR (125 MHz, CDCls)
0 206.0, 178.5, 106.3, 98.2, 85.9, 75.3, 51.5, 49.7, 42.4, 31.1, 31.0, 19.1, 18.7
(6C), 15.1, 11.3 3C) ppm

IR (thin film)
2908, 2831, 2156, 1961, 1685, 1443 cm™!

HRMS TOF MS ES+ [M+H]: C2H3sNOSi
Calc: 360.2717 Found: 360.2708

TLC Rr=0.38 (35% EtOAc/hexanes) [silica gel, UV, vanillin]
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(4R*,55*)-3-Methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-
((triisopropylsilyl)ethynyl)pyrrolidin-2-one (3.135): Prepared according to general procedure
E. Propargyl pivalate 3.124b (40 mg, 0.087 mmol), (triphenylphosphine)copper hydride hexamer
(170 mg, 0.087 mmol), toluene (2.2 mL), and deionized water (0.01 ml) provided allene 3.135
(11 mg, 35%) as a clear oil after column chromatography (gradient elution with 5-15% ethyl
acetate in hexanes). Baseline impurities were detected from reduction of the allene and/or alkyne
to an alkene and from triphenylphosphine byproducts of Stryker’s reagent. This reaction was
repeated according to general procedure E. Propargyl pivalate 3.124b (135 mg, 0.29 mmol),
(triphenylphosphine)copper hydride hexamer (578 mg, 0.29 mmol), toluene (7.4 mL), and
deionized water (0.01 ml) provided allene 3.135 and reduced methylene lactam 3.136 (2.5:1, 26
mg, 25% overall yield) as a clear oil after column chromatography. The ratio was determined by
integration of Ha next to the nitrogen which appeared as a doublet at 4.5 ppm for lactam xx and
as a doublet at 4.3 ppm for the reduced methylene compound xx.

Data for 3.135: (PAJ 7-156, 11 mg, 35%; PAJ 8-40, 26 mg, 25%)

'"H NMR (400 MHz, CDCl5)
8 6.06 (d, J=2.4 Hz, 1H), 6.04 (br s, 1H), 5.46 (d, J = 2.4 Hz, 1H), 4.63-4.61 (m,
2H), 4.48 (d, J= 7.6 Hz, 1H), 3.07-3.03 (m, 1H), 2.15-2.03 (m, 2H), 2.00-1.87
(m, 2H), 1.69 (t, J= 3.0 Hz, 3H), 1.01 (s, 21H) ppm

BC NMR (100 MHz, CDCls)
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0206.2,170.2, 141.8,116.9, 103.1, 97.7, 88.4, 75.0, 47.8, 41.8, 30.4, 27.6, 19.0,
18.7 (6C), 11.2 (3C) ppm
IR (thin film)
2942, 2176, 1960, 1709, 1660, 1463, 1324 cm’!
HRMS TOF MS ES+ [M+H]: C22H36NOSi
Calc: 358.2561 Found: 358.2573
TLC Rr=0.72 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

General Procedure F: Removal of TIPS Substituent from Alkyne

TBAF

r o
THF, 0 °C, 45 min

3.175, 57%

A flame-dried, 5-mL, round-bottomed flask equipped with a stir bar, septum, and
nitrogen inlet needle was charged with TIPS allene 3.125 (38 mg, 0.11 mmol, pure trans)
dissolved in THF (1.1 mL) and cooled to 0 °C in an ice water bath. Tetrabutylammonium
fluoride (1 M solution in THF, 0.15 mL, 0.15 mmol) was added dropwise via syringe and the
reaction was stirred for 45 minutes when TLC showed consumption of the starting material.
Saturated aqueous ammonium chloride (2 mL) was added to the cooled reaction mixture to
quench the reaction and the biphasic mixture was transferred to a separatory funnel. The aqueous
layer was extracted with ethyl acetate (4 x 5 mL). The combined organic layers were washed
with brine (1 x 5 mL), dried over magnesium sulfate, gravity filtered, concentrated by rotary
evaporation, and purified by silica gel flash column chromatography (gradient elution with 25-

75% ethyl acetate in hexanes) to provide allene 3.175 (12 mg, 57%) as a clear oil. This reaction
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was repeated according to the above procedure. TIPS allene 3.125 (40 mg, 0.11 mmol, pure
trans), tetrabutylammonium fluoride (1 M solution in THF, 0.17 mL, 0.17 mmol), THF (1.1 mL)

provided allene 3.175 (18 mg, 82%) as a clear oil after column chromatography

3.175 //

(4S*,55*)-5-Ethynyl-3-methylene-4-(3-methylpenta-3,4-dien-1-yl)pyrrolidin-2-one (3.175):

Data for 3.175: (PAJ 8-56, 12 mg, 57%; PAJ 7-168A, 18 mg, 82%; PAJ 8-66, 14 mg, 93%; PAJ

8-88, 11 mg, 85%)

'"H NMR (400 MHz, CDCl3)
3 6.79 (brs, 1H), 6.07 (d, J=2.2 Hz, 1H), 5.38 (d, /= 2.2 Hz, 1H), 4.65-4.63 (m,
2H), 4.02 (dd, J = 2.0, 4.0 Hz, 1H), 3.09-3.05 (m, 1H), 2.39 (d, /= 2.0 Hz, 1H),
2.10-2.02 (m, 2H), 1.88-1.80 (m, 1H), 1.73-1.71 (m, 1H), 1.70 (t, /= 3.0 Hz, 3H)
ppm

3C NMR (100 MHz, CDCl5)
0 206.1, 169.7, 141.9, 117.4, 97.6, 82.7, 75.3, 72.9, 48.1, 46.1, 31.9, 29.8, 19.0
ppm

IR (thin film)
2094, 1936, 1633, 1411, 1308, 1061 cm’!

HRMS TOF MS ES+ [M+H]: C13H1sNO
Calc: 202.1226 Found: 202.1227

TLC Rr=10.36 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
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3.135 3.182

(4R*,55*)-5-Ethynyl-3-methylene-4-(3-methylpenta-3,4-dien-1-yl)pyrrolidin-2-one (3.182):
Prepared according to general procedure F. TIPS allene 3.135 (11 mg, 0.031 mmol, pure cis),
tetrabutylammonium fluoride (1 M solution in THF, 0.05 mL, 0.05 mmol), THF (0.31 mL)
provided allene 3.182 (4 mg, 67%) as a clear oil after column chromatography (gradient elution
with 50-75% ethyl acetate in hexanes). This reaction was repeated according to general
procedure F. TIPS allene 3.135 (14 mg, 0.039 mmol), tetrabutylammonium fluoride (1 M
solution in THF, 0.06 mL, 0.06 mmol), THF (0.4 mL) provided allene 3.182 (7 mg, 75%) as a
clear oil after column chromatography.

Data for 3.182: (PAJ 7-162, 4 mg, 67% contaminated with 17% lactam with reduced methylene

and some baseline impurities; PAJ 8-44, 6 mg, 67%; PAJ 7-168B, 7 mg, 75%)

'"H NMR (500 MHz, CDCl5)
0 6.13 (brs, 1H), 6.09 (d, J=2.5 Hz, 1H), 5.38 (d, /= 2.5 Hz, 1H), 4.65-4.63 (m,
2H), 4.46 (dd, J=17.5, 2.0 Hz, 1H), 3.10-3.08 (m, 1H), 2.42 (d, J=2.0 Hz, 1H),
2.14-2.04 (m, 2H), 1.97-1.89 (m, 2H), 1.72 (t, J = 3.2 Hz, 3H) ppm

BC NMR (125 MHz, CDCls)
0206.3,170.1, 141.5,117.1, 97.5, 79.9, 75.2, 74.8, 46.9, 41.5, 30.5, 27.5, 18.8
ppm

IR (thin film)
2898,2101, 1937, 1647, 1422, 1395, 1373, 1242, 1086 cm’!

HRMS TOF MS ES+ [M+H]: C13HisNO
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Calc: 202.1226 Found: 202.1231

TLC Rr=0.34 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

Vi

3.208

(4S*,5S%)-5-Ethynyl-3-methyl-4-(3-methylpenta-3,4-dien-1-yl)pyrrolidin-2-one (3.208):
Prepared according to general procedure F. Lactam 3.126 (26 mg, 0.072 mmol, 8:1 dr),
tetrabutylammonium fluoride (IM in THF, 0.11 mL, 0.10 mmol), and THF (0.8 mL) yielded
terminal alkyne 3.208 (14 mg, 86%) as a clear oil after column chromatography (gradient elution
with 25-50% ethyl acetate in hexanes) and as an 8:1 mixture of diastereomers as determined by
integration of the resonances for H. at 3.93 for the minor diastereomer and 3.92 for the major
diastereomer.

Data for 3.208: (PAJ 8-74, 14 mg, 86%, 8:1 dr, peaks reported for major diastereomer only)

'"H NMR (500 MHz, CDCl5)
§ 6.04 (br s, 1H), 4.65-4.63 (m, 2H), 3.92 (dd, J = 7.5, 1.7 Hz, 1H), 2.39 (d, J =
1.7 Hz, 1H), 2.17-2.01 (m, 4H), 1.79-1.68 (m, 2H), 1.70 (t, J = 3.2 Hz, 3H), 1.24
(d, J=7.0 Hz, 3H) ppm
BC NMR (125 MHz, CDCls)
§206.1, 178.7,98.0, 82.8, 75.3, 72.8, 50.6, 48.8, 42.2, 31.0, 30.7, 19.0, 15.3 ppm
IR (thin film)
3190, 2889, 2060, 1936, 1679, 1440, 1364 cm’!
HRMS TOF MS ES+ [M+H]: C13HisNO

Calc: 204.1383 Found: 204.1378
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TLC Rr=0.24 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

NEt;, DMAP,
/ Boc,O
Vi ’>// DCM, it, 3 h
i
3.174, 40%
tert-Butyl (4S*,5S*)-3-methylene-4-(3-methylpenta-3,4-dien-1-yl)-2-oxo-5-

(phenylethynyl)pyrrolidine-1-carboxylate (3.174): A 5-mL, flame-dried, test tube equipped
with a stir bar, septum, and nitrogen inlet needle was charged with allene-yne 3.114 (15 mg,
0.054 mmol) and dichloromethane (0.3 mL). Dimethylaminopyridine (1 mg, 0.008 mmol) was
added and the solution was cooled to 0 °C. Triethylamine (0.08 mL, 0.5 mmol) was added
dropwise followed by addition of di-tert-butyl dicarbonate (59 mg, 0.27 mmol) in a single
portion. The ice bath was removed and the solution was allowed to warm to rt and stirred for 2 h.
After consumption of the starting material was observed by TLC, the solution was diluted with
dichloromethane (15 mL), transferred to a separatory funnel, and washed sequentially with
saturated aqueous ammonium chloride (5 mL) and brine (5 mL). The organic layer was dried
over magnesium sulfate, gravity filtered, concentrated by rotary evaporation, and purified by
silica gel flash column chromatography (gradient elution with 5-25% ethyl acetate in hexanes) to
provide allene-yne 3.174 (8 mg, 40%) as a clear oil. This reaction was repeated according to the
procedure above. Lactam 3.114 (23 mg, 0.083 mmol), dimethylaminopyridine (1 mg, 0.008
mmol), triethylamine (0.12 mL, 0.83 mmol), di-tert-butyl dicarbonate (90 mg, 0.41 mmol), and
dichloromethane (0.4 mL) provided lactam 3.174 (17 mg, 54%) as a pale yellow oil after column
chromatography.

Data for 3.174: (PAJ 7-6, 8 mg, 40%; PAJ 6-198, 17 mg, 54%)
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"H NMR (500 MHz, CDCl3)
0 7.38-7.36 (m, 2H), 7.31-7.29 (m, 3H), 6.30 (d, /=1.7 Hz, 1H), 5.54 (d, J= 1.7
Hz, 1H), 4.67-4.65 (m, 3H), 3.08-3.05 (m, 1H), 2.07-2.05 (m, 2H), 1.80-1.71 (m,
2H), 1.71 (t, J=3.2 Hz, 3H), 1.57 (s, 9H) ppm

3C NMR (125 MHz, CDCl;)
0206.3,165.6,149.9, 142.1, 131.8 (2C), 128.7, 128.5 (2C), 122.4, 121.6, 97 .4,
87.5, 84.0, 83.7,75.3, 52.8, 43.6, 32.8, 29.8, 28.2 (3C), 19.0 ppm

IR (thin film)
2969, 2915, 1793, 1759, 1717, 1401, 1302, 1153 cm’!

HRMS TOF MS ES+ [M+H]: C24H2sNO3
Calc: 378.2069 Found: 378.2082

TLC Rr=0.69 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

General Procedure G: Arylation of Lactam Nitrogen with Aryl Iodides

iodobenzene ')
Cul (20 mol %)
ligand (40 mol %) Ph~y
-

Cs,CO3, PhMe
80 °C, 20 h

Vi

NHMe
ligand = O’ 3.168, 44%
“NHMe

This procedure was modified from the method reported by Buchwald and coworkers for

the amidation of aryl halides.!” A flame-dried, 10-mL test tube equipped with a magnetic stir
bar was charged with copper iodide (4 mg, 0.02 mmol) and cesium carbonate (50 mg, 0.15
mmol). The test tube was capped with a septum, then evacuated and filled with nitrogen (3x).
Iodobenzene (13 pL, 0.11 mmol) and trans-N,N'-dimethylcyclohexane-1,2-diamine (8 pL, 0.05

mmol), were added via syringe. Lactam 3.114 (21 mg, 0.076 mmol) was dissolved in toluene
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(0.8 mL) and added to the test tube containing the other reagents via syringe. The test tube was
evacuated and filled with nitrogen (3x), and the nitrogen inlet needle was removed. The test tube
was then placed in an 80 °C oil bath for 20 h. TLC showed formation of a new product. The
reaction was cooled to rt, filtered through a plug of silica gel eluting with 50% ethyl acetate in
hexanes, concentrated, then purified by silica gel flash column chromatography eluting with 5-
15% ethyl acetate in hexanes to give lactam 3.168 as a clear oil (12 mg, 44%).

Alternatively, N,N’-dimethylethylenediamine was used as the copper ligand with little
difference in yield. When potassium carbonate was used as the base instead of cesium carbonate,
lower yields and incomplete conversion to the product was observed. For example, lactam 3.114
(10 mg, 0.033 mmol), iodobenzene (5 pL, 0.04 mmol), copper iodide (5 mg, 0.03 mmol), trans-
N,N'-dimethylcyclohexane-1,2-diamine (4 pL, 0.03 mmol) potassium carbonate (10 mg, 0.065
mmol), and toluene (0.4 mL) provided lactam 3.168 (3 mg, 27%, PAJ 8-6) as a clear oil after
column chromatography.

(4S*,55*)-3-Methylene-4-(3-methylpenta-3,4-dien-1-yl)-1-phenyl-5-
(phenylethynyl)pyrrolidin-2-one (3.168):

Data for 3.168: (PAJ 8-204, 12 mg, 44%)

'"H NMR (400 MHz, CDCl5)
& 7.77-7.75 (m, 2H), 7.44-7.40 (m, 2H), 7.30-7.20 (m, 6H), 6.25 (d, J = 2.2 Hz,
1H), 5.51 (d, J = 2.2 Hz, 1H), 4.69-4.66 (m, 3H), 3.26-3.23 (m, 1H), 2.18-2.13
(m, 2H), 1.91-1.83 (m, 2H), 1.73 (t, J= 3.2 Hz, 3H) ppm

BC NMR (100 MHz, CDCl5)
& 206.2, 166.3, 143.0, 138.3, 131.8 (2C), 129.0 (2C), 128.8 (2C), 128.4, 125.7,

122.2 (2C), 118.4,97.6, 87.1, 85.8, 76.8, 75.4, 55.1, 44.6, 32.5, 30.0, 19.1 ppm
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IR (thin film)

2924,2227, 1959, 1701, 1660, 1498, 1372 cm’!
HRMS TOF MS ES+ [M+H]: C2sH24NO

Calc: 354.1852 Found: 354.1837

TLC Rr=0.86 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

3.169

(4S*,55*)-3-Methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-(phenylethynyl)-1-(4-
(trifluoromethyl)phenyl)pyrrolidin-2-one (3.169): Prepared according to general procedure G
with potassium carbonate as base instead of cesium carbonate. Lactam 3.114 (24 mg, 0.087
mmol), 4-benzotrifluoride (0.02 mL, 0.1 mmol), copper iodide (2 mg, 0.02 mmol), N,N -
dimethylethylenediamine (4 pL, 0.04 mmol), cesium carbonate (57 mg, 0.17 mmol), and toluene
(0.9 mL) provided lactam 3.169 (17 mg, 47%) as a clear oil after column chromatography
(gradient elution with 5-10% ethyl acetate in hexanes). When potassium carbonate was used as a
base only 14-16% of lactam 3.169 was isolated and 20-25% of the starting material was
recovered (PAJ 8-100, PAJ 8-192).

Data for 3.169: (PAJ 9-36, 17 mg, 47%, NMR contaminated with about 13% of the compound

with the a-methylene of the lactam reduced)
"H NMR (400 MHz, CDCl3)
0 7.96 (d,J=8.6 Hz, 2H), 7.67 (d, J = 8.6 Hz, 2H), 7.32-7.28 (m, 5H), 6.29 (d, J

=2.0 Hz, 1H), 5.56 (d, J=2.0 Hz, 1H), 4.72 (d, J= 3.2 Hz, 1H), 4.68-4.66 (m,
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3C NMR

HRMS

TLC

2H), 3.29-3.26 (m, 1H), 2.19-2.13 (m, 2H), 1.90-1.83 (m, 2H), 1.73 (t, /= 3.0 Hz,
3H) ppm

(100 MHz, CDCl3)

0 206.2, 166.5, 142.5, 141.3, 131.8 (2C), 129.1 (2C), 128.5 (2C), 127.2, 126.08
(q, J=4.0 Hz, 1C), 125.6, 121.9, 121.2 (2C), 119.5, 97.5, 86.3, 75.5, 54.7, 44.5,
32.5,29.9,19.1 ppm

(thin film)

2942,2381, 1715, 1325, 1213, 1122, 1068 cm’!

TOF MS ES+ [M+H]: CasH23F3NO

Calc: 422.17263 Found: 422.17102

Rr=0.86 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

3171

4-((4S*,55*)-3-Methylene-4-(3-methylpenta-3,4-dien-1-yl)-2-o0x0-5-

(phenylethynyl)pyrrolidin-1-yl)benzonitrile (3.171): Prepared according to general procedure

G. Lactam 3.114 (33 mg, 0.12 mmol), 4-iodobenzonitrile (38 mg, 0.17 mmol), copper iodide (5

mg, 0.02 mmol), N,N’-dimethylethylenediamine (5 pL, 0.05 mmol), cesium carbonate (78 mg,

0.24 mmol), and toluene (1.2 mL) provided lactam 3.171 (19 mg, 42%) as a pale yellow oil after

column chromatography (gradient elution with 5-15% ethyl acetate in hexanes).

Data for 3.171: (PAJ 9-46, 19 mg, 42%)

'"H NMR

(400 MHz, CDCls)
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0 7.99 (app dd, J= 2.0, 6.8 Hz, 2H), 7.70 (app dd, J = 2.0, 6.8 Hz, 2H), 7.33-7.28
(m, 5H), 6.30 (d, J = 2.2 Hz, 1H), 5.59 (d, J = 2.2 Hz, 1H), 4.71 (d, J = 3.2 Hz,
1H), 4.68-4.66 (m, 2H), 3.28-3.27 (m, 1H), 2.17-2.13 (m, 2H), 1.89-1.83 (m, 2H),
1.73 (t, /= 3.2 Hz, 3H) ppm
C NMR (125 MHz, CDCl3)
0 206.2, 166.5, 142.2, 133.0 (2C), 131.8 (2C), 129.2, 128.5 (2C), 121.6, 121.0
(20), 120.0, 118.9, 108.11, 97.4, 86.5, 85.9, 75.5, 54.4, 44.3,32.4,29.9, 19.1 ppm
IR (thin film)
3432,2101, 1642, 1511 cm’!
HRMS TOF MS ES+ [M+H]: C2sH23N20O
Calc: 379.1732 Found: 379.1735

TLC Rr=0.43 (25% EtOAc/hexanes) [silica gel, UV, vanillin]

3.170

(4S*,55*)-1-(4-Methoxyphenyl)-3-methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-

(phenylethynyl)pyrrolidin-2-one (3.170): Prepared according to general procedure G. Lactam
3.114 (29 mg, 0.11 mmol), 4-iodoanisole (37 mg, 0.16 mmol), copper iodide (4 mg, 0.02 mmol),
N,N’-dimethylethylenediamine (5 pL, 0.04 mmol), cesium carbonate (68 mg, 0.21 mmol), and
toluene (1 mL) provided lactam 3.170 (25 mg, 63%) as a pale yellow oil after column
chromatography (gradient elution with 5-20% ethyl acetate in hexanes). This reaction was first
performed according to general procedure G with potassium carbonate as a base. Lactam 3.114

(20 mg, 0.072 mmol), 4-iodoanisole (20 mg, 0.087 mmol), copper iodide (3 mg, 0.01 mmol),
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N,N’-dimethylethylenediamine (4 pL, 0.03 mmol), potassium carbonate (20 mg, 0.14 mmol), and
toluene (0.72 mL) provided lactam 3.170 (5 mg, 19%) as a pale yellow oil after column
chromatography; 25% (5 mg) of starting material 3.114 was also recovered (PAJ 8-118).

Data for 3.170: (PAJ 9-30, 25 mg, 63%)

'"H NMR (500 MHz, CDCl3)
0 7.60 (d, J=8.7 Hz, 2H), 7.32-7.27 (m, 5H), 6.94 (d, /= 8.7 Hz, 2H), 6.22 (d, J
=1.5Hz, 1H), 5.48 (d, /= 1.5 Hz, 1H), 4.68-4.66 (m, 2H), 4.62 (d, /= 3.0 Hz,
1H), 3.82 (s, 3H), 3.27-3.21 (m, 1H), 2.18-2.13 (m, 2H), 1.93-1.82 (m, 2H), 1.73
(t,J=2.7 Hz, 3H) ppm

C NMR (125 MHz, CDCls)
0206.3,166.3, 157.7, 143.1, 131.8 (2C), 131.3, 128.8, 128.4 (2C), 124.5 (2C),
122.3,117.8, 114.3 (2C), 97.7, 87.3, 85.8, 75.3, 55.7, 55.6, 44.7, 32.5, 30.0, 19.1
ppm

IR (thin film)
2924, 1995, 1697, 1512, 1377, 1300, 1249 cm’!

HRMS TOF MS ES+ [M+H]: C2sH26NO>
Calc: 384.1958 Found: 384.1968

TLC Rr=0.59 (50% EtOAc/hexanes) [silica gel, UV, Vanillin]

3.172 I
(4S*,5S%)-3-Methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-(phenylethynyl)-1-(thiophen-2-
yDpyrrolidin-2-one (3.172): Prepared according to general procedure G. Lactam 3.114 (21 mg,
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0.076 mmol), copper iodide (3 mg, 0.02 mmol), trans-N,N'-dimethylcyclohexane-1,2-diamine (5
uL, 0.03 mmol), cesium carbonate (50 mg, 0.15 mmol), iodothiophene (12 uL, 0.10 mmol), and
toluene (0.8 mL) provided lactam 3.172 (15 mg, 56%) as a pale yellow oil after column
chromatography (5-10% ethyl acetate in hexanes gradient elution). This reaction was repeated
according to general procedure G. Lactam 3.114 (23 mg, 0.083 mmol), copper iodide (3 mg, 0.02
mmol), trans-N,N'-dimethylcyclohexane-1,2-diamine (4 puL, 0.03 mmol), cesium carbonate (52
mg, 0.16 mmol), iodothiophene (10 uL, 0.11 mmol), and toluene (0.8 mL) provided lactam 3.172
(19 mg, 63%) as a pale yellow oil after column chromatography

Data for 3.172: (PAJ 8-206, 15 mg, 56%; PAJ 9-40, 19 mg, 63%)

'"H NMR (400 MHz, CDCl5)
0 7.38-7.36 (m, 2H), 7.32-7.28 (m, 3H), 7.03-7.02 (m, 1H), 6.97-6.94 (m, 2H),
6.27 (d, J= 2.0 Hz, 1H), 5.54 (d, /= 2.0 Hz, 1H), 4.70 (d, J = 2.8 Hz, 1H), 4.68-
4.66 (m, 2H), 3.34-3.29 (m, 1H), 2.15-2.11 (m, 2H), 1.84 (app q, J = 7.6 Hz, 2H),
1.73 (t,J=3.2 Hz, 3H) ppm

BC NMR (125 MHz, CDCls)
0 206.2, 164.3, 141.5, 139.4, 131.9 (2C), 129.0, 128.5 (2C), 124.2, 122.0, 119.3,
119.2,113.0,97.4, 86.1, 86.0, 75.4, 55.4, 44.9, 33.2, 29.8, 19.1 ppm

IR (thin film)
2924,2227, 1959, 1695, 1534, 1451, 1399 cm’!

HRMS TOF MS ES+ [M+H]: C23H22NOS
Calc: 360.1417 Found: 360.1401

TLC Rr=0.58 (25% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
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NaH, TsCI

DMF, 0 °C,
25h

/
3.114 3.173, 29%

(4S*,5S*)-3-Methylene-4-(3-methylpenta-3,4-dien-1-yl)-5-(phenylethynyl)-1-

tosylpyrrolidin-2-one (3.173): A flame-dried test tube equipped with a stir bar, septum, and
nitrogen inlet needle was charged with lactam 3.114 (20 mg, 0.07 mmol) and DMF (0.75 mL)
and cooled to 0 °C under a nitrogen atmosphere. Sodium hydride (60% dispersion in mineral oil,
6 mg, 0.14 mmol) was added in a single portion and the reaction mixture was stirred for 15 min
at 0 °C. para-Toluene sulfonyl chloride (28 mg, 0.14 mmol) was then added in a single portion,
the ice bath was removed, and the solution was allowed to warm to rt for 2.5 h. TLC analysis
revealed consumption of the starting material, and the reaction was quenched by pouring it into a
separatory funnel containing saturated aqueous ammonium chloride (5 mL). The aqueous layer
was extracted with ethyl acetate (3 x 10 mL). The organic layers were combined, dried over
magnesium sulfate, gravity filtered, concentrated by rotary evaporation, and purified by silica gel
flash column chromatography eluting with 10-25% ethyl acetate in hexanes. Lactam 3.173 was
obtained as a pale yellow oil (9 mg, 29%). This reaction was repeated, but it was kept at 0 °C for
1 h after addition of para-toluene sulfonyl chloride, then allowed to warm to rt for 1 h before
quenching. Lactam 3.114 (18 mg, 0.069 mmol), sodium hydride (60% dispersion in mineral oil,
5 mg, 0.1 mmol), para-toluene sulfonyl chloride (25 mg, 0.13 mmol), and DMF (0.7 mL)
provided lactam 3.173 (14 mg, 48%) as a yellow oil after column chromatography; some
unidentified contaminants were observed in the 'H NMR. Additional purification by column

chromatography provided allene-yne 3.186 (4 mg, 18%) as a clear oil.
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Data for 3.173: (PAJ 8-4, 9 mg, 29%; PAJ 8-82, 14 mg, 48% (impure) and 4 mg, 18% (pure))

'"H NMR

3C NMR

HRMS

TLC

(500 MHz, CDCl3)

0 8.08 (d, /= 8.0 Hz, 2H), 7.25-7.28 (m, 5SH), 7.22 (d, J = 8.0 Hz, 2H), 6.23 (d, J=
1.7 Hz, 1H), 5.54 (d, J= 1.7 Hz, 1H), 4.98 (d, /= 1.5 Hz, 1H), 4.68-4.67 (m, 2H),
3.11-3.08 (m, 1H), 2.38 (s, 3H), 2.08-2.05 (m, 2H), 1.88-1.84 (m, 1H), 1.74-1.69
(m, 1H), 1.71 (t, J= 3.3 Hz, 3H) ppm

(125 MHz, CDCl3)

0206.3,164.9, 145.3, 141.1, 135.6, 131.9 (2C), 131.7, 129.8 (2C), 129.5 (20),
128.5 (20), 122.6, 121.9, 97.2, 86.3, 85.9, 75.4, 53.6, 45.5, 32.8, 29.8, 21.8, 19.0
ppm

(thin film)

2891, 2218, 1937, 1697, 1579, 1429, 1356, 1160, 1078, 804, 750 cm™!

TOF MS ES+ [M+H]: CosH26NO3S

Calc: 432.1628 Found: 432.1641

Rr=0.66 (25% EtOAc/hexanes) [silica gel, UV, vanillin]

General Procedure H: Allenic Pauson-Khand Reaction (Slow Addition of Allene-Yne to

Rhodium Catalyst)

3.114

0O

[Rh(CO),Cll, NN

(10 mol%), CO (g) Ph 5
PhMe, 110 °C

o)

/
3.116, 75%

A flame-dried, 10-mL, 2-necked round-bottomed flask equipped with a magnetic stir bar,

condenser capped with septum, and a septum was charged with rhodium dicarbonyl chloride
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dimer (2 mg, 0.004 mmol) and toluene (3.4 mL). The apparatus was evacuated via a needle
attached to a vacuum line for 2-3 seconds then filled with carbon monoxide (3x) via a needle
attached to a balloon, then lowered into a prewarmed oil bath set to 110 °C. The allene-yne 3.114
(13 mg, 0.044 mmol) was dissolved in toluene (1.1 mL) and added dropwise to the stirring
solution of rhodium dicarbonyl chloride dimer over 1 h using a syringe pump. After the addition
was complete, the reaction was stirred an additional 30 min at 110 °C and TLC showed
consumption of the starting material. The reaction was removed from the oil bath and allowed to
cool to rt, then polymer bound triphenylphosphine (3 mmol/g, 60 mg) was added and stirred 4 h.
The polymer was removed by vacuum filtration, then the solution was concentrated, and purified
by silica gel flash column chromatography with gradient elution using 25-75% ethyl acetate in
hexanes to yield tricycle 3.116 as a white solid (9 mg, 64%). This reaction was repeated
according to the procedure above. Allene-yne 3.114 (21 mg, 0.076 mmol), rhodium dicarbonyl
chloride dimer (3 mg, 0.008 mmol), and toluene (7.6 mL) provided tricycle 3.116 (19 mg, 79%)
as a white solid after column chromatography. The compound was crystallized by vapor
diffusion using ethyl acetate and pentanes, and X-ray crystallography confirmed the structure
and trans stereochemistry of the lactam substituents.
General Procedure I: Alternative Procedure for Allenic Pauson-Khand Reaction

To a flame-dried, 2-necked, 25-mL round-bottomed flask equipped with a septum,
condenser capped with a septum, and a magnetic stir bar was added rhodium dicarbonyl chloride
dimer (4 mg, 0.01 mmol) and toluene (7 mL). The apparatus was evacuated via a needle attached
to a vacuum line for 2-3 seconds and filled with carbon monoxide (3x) via a needle attached to a
balloon, then lowered into a prewarmed oil bath set to 110 °C with stirring. Allene 3.114 (30 mg,

0.11 mmol) was then dissolved in toluene (4 mL) and added to the stirring solution of rhodium
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catalyst via syringe in a single portion and the reaction was stirred 1 h. Consumption of the
starting material was observed by TLC, and the crude reaction mixture was concentrated by
rotary evaporation. The crude residue was purified by silica gel flash column chromatography
eluting with a gradient of 30-75% ethyl acetate in hexanes to give tricycle 3.116 as a white solid

(25 mg, 75%).

(0]
HN”U\?
Ph 2

o)

3.116
(3aS*,9bS*)-6-Methyl-3-methylene-9-phenyl-3,3a,4,5-tetrahydro-1H-azuleno[4,5-b]pyrrole-
2,8(7H,9bH)-dione (3.116):

Data for 3.116: (PAJ 6-176, 9 mg, 64%; PAJ 7-84, 19 mg, 79%; PAJ 7-200, 25 mg, 75%)

'"H NMR (400 MHz, CDCl5)
8 7.46-7.40 (m, 3H), 7.25-7.24 (m, 2H), 5.98 (d, J = 3.2 Hz, 1H), 5.58 (br s, 1H),
527 (d, J=3.2 Hz, 1H), 4.82 (d, J = 8.4 Hz, 1H), 3.18, 3.11 (ABq, J = 20.0 Hz,
2H), 3.05-3.02 (m, 1H), 2.77-2.72 (m, 1H), 2.42-2.35 (m, 2H), 1.99 (s, 3H), 1.91-
1.83 (m, 1H) ppm

BC NMR (100 MHz, CDCl5)
§202.0, 168.6, 165.5, 143.1, 140.8, 135.7, 131.8, 131.3, 129.3 (4C), 128.4, 115.3,
56.2,44.3,40.9, 31.8, 26.6, 24.8 ppm

IR (thin film)
3419, 2950, 2865, 1697, 1675, 1460, 1380, 1305, 1201 cm™!

HRMS TOF MS ESI+ [M + H]: C20H20NO;
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TLC

Calcd: 306.1489 Found: 306.1479

Rr=0.22 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

0
MeNJk?
Ph ~‘

o)

3.56

(3aS*,9bS*)-1,6-Dimethyl-3-methylene-9-phenyl-1,3a,4,5,7,9b-hexahydro-2H-azuleno[4,5-

b]pyrrole-2,8(3H)-dione (3.56): Prepared according to general procedure H. Allene 3.57 (30

mg, 0.1 mmol), rhodium dicarbonyl chloride dimer (4 mg, 0.009 mmol), and toluene (8.6 mL)

provided tricycle 3.56 (24 mg, 75%) as a white solid after column chromatography (gradient

elution with 25-75% ethyl acetate in hexanes).

Data for 3.56: (PAJ 7-136, 24 mg, 75%)

'"H NMR

3C NMR

HRMS

(400 MHz, CDCl3)

6 7.33-7.31 (m, 3H), 7.11-7.10 (m, 2H), 6.10 (d, /= 3.2 Hz, 1H), 5.34 (d, /= 3.2
Hz, 1H), 4.52 (d, /= 8.0 Hz, 1H), 3.17, 3.10 (ABq, J = 21.2 Hz, 2H), 3.20-3.07
(m, 1H), 2.93-2.84 (m, 1H), 2.57-2.46 (m, 1H), 2.42 (app dd, J = 4.2, 16.2 Hz,
1H), 2.01 (s, 3H), 1.99 (s, 3H), 1.96-1.88 (m, 1H) ppm

(100 MHz, CDCl3)

0202.8, 168.8, 165.5, 143.2, 137.6, 136.6, 130.6, 130.3 (2C), 128.4, 127.7 (2C),
115.6,62.1, 41.7,40.5, 32.3, 30.4, 29.8, 28.5, 25.8 ppm

(thin film)

2885, 1670, 1638, 1422, 1378, 1296, 1257, 1141, 1080 cm™!

TOF MS ESI+ [M + H]: C2iH2:NO;
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Calc: 320.1645 Found: 320.1651
TLC Rr=0.36 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

0
Boc~NJ\/
h <

P

O
3.192

tert-Butyl (3aS*,9bS*)-6-methyl-3-methylene-2,8-dioxo-9-phenyl-2,3,3a,4,5,7,8,9b-
octahydro-1H-azuleno[4,5-b]|pyrrole-1-carboxylate (3.192): Prepared according to general
procedure H. Allene-yne 3.174 (7 mg, 0.018 mmol), rhodium dicarbonyl chloride dimer (1 mg,
0.002 mmol), and toluene (1.9 mL) provided tricycle 3.192 (3 mg, 40%) as a pale yellow solid
after column chromatography (gradient elution with 15-50% ethyl acetate in hexanes). Tricycle
3.192 was also prepared according to general procedure I. Allene-yne 3.174 (16 mg, 0.042
mmol), thodium dicarbonyl chloride dimer (2 mg, 0.004 mmol), and toluene (4.2 mL) provided
tricycle 3.192 (7 mg, 41%) as a pale yellow solid after column chromatography.

Data for 3.192: (PAJ 7-4, 3 mg, 40%; PAJ 6-204, 7 mg, 41%)

'H NMR (500 MHz, CDCl3)
§ 7.35-7.27 (m, 3H), 7.05-7.04 (m, 2H), 6.29 (d, J= 3.5 Hz, 1H), 5.50 (d, J=3.5
Hz, 1H), 5.12 (d, J=9.0 Hz, 1H), 3.17 (d, J=21.0 Hz, 1H), 3.17, 3.06 (ABq, J =
21.0 Hz, 2H), 3.14-3.11 (m, 1H), 3.01-2.92 (m, 1H), 2.56-2.50 (m, 1H), 2.43-2.39
(m, 1H), 2.00 (s, 3H), 1.95-1.92 (m, 1H), 1.18 (s, 9H) ppm

C NMR (125 MHz, CDCls)
§202.7, 165.0, 164.8, 150.4, 142.8, 137.9, 135.7, 131.0 (2C), 130.6, 130.2, 127.9

(20), 119.9, 83.5, 60.5, 58.5, 40.6, 39.8, 31.9, 28.9, 27.9 (3C), 25.7
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IR (thin film)
2969, 2915, 1793, 1757, 1717, 1401, 1302, 1153 cm™!
HRMS TOF MS ESI+ [M + H]: C25sH2sNO4
Calc: 406.2013 Found: 406.2013
TLC Rr=0.65 (50% EtOAc/hexanes, [silica gel, UV, p-anisaldehyde]

o

TIPS

O
3.184

(3aS*,9bS*)-6-Methyl-3-methylene-9-(triisopropylsilyl)-3,3a,4,5-tetrahydro-1H-
azuleno|4,5-b]|pyrrole-2,8(7H,9bH)-dione (3.184): Prepared according to general procedure H.
Allene-yne 3.125 (20 mg, 0.056 mmol), rhodium dicarbonyl chloride dimer (2 mg, 0.006 mmol),
and toluene (5.7 mL) provided tricycle 3.184 (11 mg, 50%) as a clear oil after column
chromatography (gradient elution with 15-30% ethyl acetate in hexanes). This reaction was
repeated according to general procedure H. Allene-yne 3.125 (25 mg, 0.078 mmol), rhodium
dicarbonyl chloride dimer (3 mg, 0.008 mmol), and toluene (8 mL) provided tricycle 3.184 (11
mg, 41%) as a white solid after column chromatography.

Data for 3.184: (PAJ 7-78, 11 mg, 50%; PAJ 8-58, 11 mg, 41%)

'"H NMR (300 MHz, CDCl5)
§ 6.19 (br s, 1H), 6.07 (d, J = 3.1 Hz, 1H), 5.31 (d, J = 3.1 Hz, 1H), 4.65 (d, J =
8.1 Hz, 1H), 3.05-3.00 (m, 1H), 3.0 (s, 2H), 2.99-2.65 (m, 1H), 2.45-2.27 (m, 2H),
1.95 (s, 3H), 1.90-1.80 (m, 1H), 1.63-1.53 (m, 3H), 1.13 (d, J = 2.0 Hz, 9H), 1.09

(d, J=2.0 Hz, 9H) ppm
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BC NMR (100 MHz, CDCl3)
0208.2,179.9,169.3, 143.1, 137.9, 134.1, 133.9, 115.7, 56.8, 44.2, 41.4, 31.9,
27.1,25.4,19.5 (3C), 19.4 (3C), 13.0 (3C) ppm
IR (thin film)
2943, 2881, 1719, 1688, 1518, 1504 cm’!
HRMS TOF MS ESI+ [M + H]: C23H36NO-Si
Calc: 386.2510 Found: 386.2515

TLC Rr=0.37 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

HN
TIPS

3.196
(3aR*,9bS*)-6-Methyl-3-methylene-9-(triisopropylsilyl)-1,3a,4,5,7,9b-hexahydro-2H-
azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.196): Prepared according to general procedure H.
Allene 3.135 (3:1 mixture of a-methylene lactam and a-methyl lactam, 10 mg, 0.028 mmol),
rhodium dicarbonyl chloride dimer (1 mg, 0.003 mmol), and toluene (2.8 mL) provided tricycle
3.196 (2 mg, 40%) as a white solid after column chromatography (gradient elution with 15-30%
ethyl acetate in hexanes).

Data for 3.196: (PAJ 8-42, 2 mg, 40%; PAJ 8-50, 40%)

'"H NMR (500 MHz, CDCl5)
0 6.21 (d, J= 1.5 Hz, 1H), 5.50 (br s, 1H), 5.46 (app s, 1H), 5.01 (d, /= 7.5 Hz,

1H), 3.40 (app br s, 1H), 3.12, 3.00 (ABq, J = 20.5 Hz, 2H), 2.50-2.44 (m, 1H),
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2.14-2.08 (m, 2H), 1.92-1.88 (m, 1H), 1.82 (s, 3H), 1.54-1.48 (m, 3H), 1.07-1.04
(m, 18H) ppm

C NMR (126 MHz, CDCl3)
0208.7,176.6, 170.1, 143.6, 143.4, 139.3, 131.2, 118.5, 56.8, 44.3, 41.5, 35.2,
31.8,24.4,19.2 (2C), 19.1 (2C), 18.7 (2C), 12.3 (3C) ppm

IR (thin film)
2909, 2833, 1688, 1640, 1445, 1135 cm’!

HRMS TOF MS ES+ [M+H]: C23H36NO>Si
Calc: 386.2510 Found: 386.2422

TLC Rr=0.33 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

o

H

3.185
(3aS*,9bS*)-6-Methyl-3-methylene-1,3a,4,5,7,9b-hexahydro-2H-azuleno[4,5-b]|pyrrole-
2,8(3H)-dione (3.185): Prepared according to general procedure H. Allene-yne 3.175 (12 mg,
0.060 mmol), rhodium dicarbonyl chloride dimer (3 mg, 0.006 mmol), and toluene (6 mL)
provided 3.185 (9 mg, 64%) as a white solid after column chromatography (gradient elution with
50-100% ethyl acetate in hexanes). This reaction was repeated according to general procedure H.
Allene-yne 3.175 (17 mg, 0.085 mmol), rhodium dicarbonyl chloride dimer (4 mg, 0.008 mmol),
and toluene (8.6 mL) provided tricycle 3.185 (8 mg, 42%) as a white solid after column
chromatography.

Data for 3.185: (PAJ 8-60, 9 mg, 64%; PAJ 7-172, 8 mg, 42%)

'"H NMR (500 MHz, CDCls)
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0 7.86 (br s, 1H), 6.14 (s, 1H), 6.06 (d, J = 3.0 Hz, 1H), 5.32 (d, J = 3.0 Hz, 1H),
4.58 (d, J=8.5 Hz, 1H), 3.00 (s, 2H), 2.86-2.82 (m, 1H), 2.76-2.71 (m, 1H), 2.42-
2.31 (m, 2H), 1.94 (s, 3H), 1.93-1.87 (m, 1H) ppm

C NMR (126 MHz, CDCl3)
0204.0,173.0, 170.7, 143.9, 137.1, 131.6, 126.6, 115.8, 56.1, 43.4, 41.3, 32.0,
26.8, 24.9 ppm

IR (thin film)
2895 ,1685, 1556, 1420, 1327, 1231, 1149 cm’!

HRMS TOF MS ES+ [M+H]: C14H1sNO>
Calc: 230.1179 Found: 230.1176

TLC Rr=0.15 (100% EtOAc) [silica gel, UV, p-anisaldehyde]

3.199 3.200
(3aR*,9bS*)-6-Methyl-3-methylene-1,3a,4,5,7,9b-hexahydro-2H-azuleno[4,5-b]pyrrole-
2,8(3H)-dione 3.199) and (3aR*,9bS*)-3,6-dimethyl-1,3a,4,5,7,9b-hexahydro-2H-
azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.200): Prepared according to general procedure I.
Allene 3.182 (10 mg, 0.05 mmol, 5:1 ratio of 3.182 to reduced a-methylene compound 3.183),
rhodium dicarbonyl chloride dimer (2 mg, 0.005 mmol), and toluene (5 mL) provided 3.199 and
3.200 (4 mg, 40%) as a white solid in a 3:1 ratio after column chromatography (gradient elution
with 50-100% ethyl acetate in hexanes). Preparation according to general procedure H on a 0.03

mmol scale of 3.182 (2:1 3.182 to reduced a-methylene compound 3.183) gave a similar yield of
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43% (2:1 3.199 to reduced a-methylene compound 3.200). The ratio was determined by

integration of the resonance for H. which appeared as a doublet at 4.73 for 3.199 and 4.52 for

3.200.

Data for 3.199: (PAJ 7-176, 4 mg, 40%, Data reported for major product only; PAJ 8-48, 3 mg,

57%)

'"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

0 7.21-6.90 (br s, 1H), 6.13 (s, 1H), 6.06 (d, J = 2.6 Hz, 1H), 5.33 (d, /= 2.6 Hz,
1H), 4.73 (d, J = 9.2 Hz, 1H), 3.51-3.46 (m, 1H), 3.10, 2.99 (ABq, J = 20.8 Hz,
2H), 2.50-2.22 (m, 4H), 1.93 (s, 3H) ppm

(100 MHz, CDCl3)

0 203.6, 170.6, 142.3, 141.7, 137.7, 131.2, 126.4, 56.4, 44.8, 42.7, 41.2, 28.1,
24.8, 24.2 ppm

(thin film)

2909, 1715, 1688, 1640, 1445, 1351, 1135 cm’!

TOF MS ES+ [M+H]: C14H16sNO>

Calc: 230.1179 Found: 230.1166

Rr=0.08 (75% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

0
Ph\NJy
Ph S

)

3.186

(3aS*,9bS*)-6-Methyl-3-methylene-1,9-diphenyl-1,3a,4,5,7,9b-hexahydro-2H-azuleno([4,5-

b]pyrrole-2,8(3H)-dione (3.186): Prepared according to general procedure I. Allene-yne 3.168
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(11 mg, 0.031 mmol), rhodium dicarbonyl chloride dimer (1.2 mL of a 1 mg/mL toluene

solution, 0.003 mmol), and toluene (3.1 mL) provided tricycle 3.186 (8 mg, 67% ) as a white

solid after column chromatography (gradient elution with 25-50% ethyl acetate in hexanes). This

reaction was repeated according to general procedure I. Allene-yne 3.168 (3 mg, 0.008 mmol),

rhodium dicarbonyl chloride dimer (0.5 mL of a 1 mg/mL solution in toluene), and toluene (0.5

mL) provided tricycle 3.186 (2 mg, 66%) as a white solid after column chromatography.

Data for 3.186: (PAJ 9-4, 8 mg, 67%; PAJ 8-8, 2 mg, 66%)

'"H NMR

3C NMR

HRMS

TLC

(500 MHz, CDCl3)

0 7.10-7.07 (m, 1H), 7.02-6.97 (m, 2H), 6.96-6.94 (m, 2H), 6.91-6.90 (m, 1H),
6.89-6.86 (m, 2H), 6.53-6.52 (m, 2H), 6.24 (d, J = 3.3 Hz, 1H), 5.46 (d, J = 3.3
Hz, 1H), 5.34 (d, J = 8.0 Hz, 1H), 3.31-3.29 (m, 1H), 3.17, 3.08 (ABq, J = 21.0
Hz, 2H), 3.08-3.02 (m, 1H), 2.63-2.60 (m, 1H), 2.52-2.47 (m, 1H), 2.05 (s, 3H),
2.08-2.03 (m, 1H) ppm

(126 MHz, CDCl3)

5202.5,166.4, 163.3, 143.6, 139.4, 137.6, 136.4, 130.6, 130.5, 129.6 (2C), 128.1
(20), 127.5,127.4 (2C), 124.1, 119.3 (2C), 117.1, 59.1, 40.9, 40.6, 32.4, 28.7,
25.9 ppm

(thin film)

2891, 1675, 1631, 1477, 1356 cm™!

TOF MS ES+ [M+H]: C26H24NO>

Calc: 382.1802 Found: 382.1807

Rr=0.35 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
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3.187
(3aS*,9bS*)-6-Methyl-3-methylene-9-phenyl-1-(4-(trifluoromethyl)phenyl)-1,3a,4,5,7,9b-
hexahydro-2H-azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.187): Prepared according to general
procedure H. Allene-yne 3.169 (17 mg, 0.04 mmol), rhodium dicarbonyl chloride dimer (2 mg,
0.004 mmol), and toluene (4 mL) provided tricycle 3.187 (13 mg, 72%) as a white solid after
column chromatography (gradient elution with 15-50% ethyl acetate in hexanes). Tricycle 3.187
was also prepared according to general procedure I. Allene-yne 3.169 (6 mg, 0.01 mmol),
rhodium dicarbonyl chloride dimer (0.5 mL of a 1 mg/mL solution in toluene), and toluene (0.9
mL) provided tricycle 3.187 (4 mg, 67%) as a white solid after column chromatography.

Data for 3.187: (PAJ 9-38, 13 mg, 72%; PAJ 8-108, 4 mg, 67%)

'"H NMR (500 MHz, CDCl5)
0 7.20 (app d, J = 8.5 Hz, 2H) 7.10 (app t, J = 7.5 Hz, 1H), 7.00 (app d, /= 9.0
Hz, 4H), 6.50 (app br s, 2H), 6.28 (d, J = 3.5 Hz, 1H), 5.52 (d, J = 3.5 Hz, 1H),
5.33 (d, J = 8.5 Hz, 1H), 3.34-3.31 (m, 1H), 3.17, 3.10 (ABq, J = 21.0 Hz, 2H),
3.09-3.02 (m, 1H), 2.66-2.59 (m, 1H), 2.53-2.49 (m, 1H), 2.10-1.99 (m, 1H), 2.06
(s, 3H) ppm

BC NMR (125 MHz, CDCls)
0 202.3, 166.5, 162.5, 143.0, 140.4, 139.3, 136.9, 130.38, 130.36, 129.6 (2C),
127.6 (2C), 127.5 (2C), 125.8, 125.6 (q, J = 32.5 Hz, 1C), 125.2 (q, J = 3.7 Hz,

1C), 122.8,119.3, 118.2, 59.1, 40.9, 40.5, 32.3, 28.6, 25.9 ppm

259



IR (thin film)
2930, 1698, 1615, 1325, 1168, 1117 cm’!
HRMS TOF MS ES+ [M+H]: C27H23NO2F3
Calc: 450.1675 Found: 450.1655

TLC Rr=0.36 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

NC 0
LA

Ph
0]

3.188
4-((3aS*,9bS*)-6-Methyl-3-methylene-2,8-dioxo-9-phenyl-2,3,3a,4,5,7,8,9b-octahydro-1H-
azuleno|4,5-b]pyrrol-1-yl)benzonitrile (3.188): Prepared according to general procedure H.
Allene-yne 3.171 (17 mg, 0.045 mmol), rhodium dicarbonyl chloride dimer (2 mg, 0.0045
mmol), and toluene (4.5 mL) provided tricycle 3.188 (13 mg, 72%) as a light yellow solid after
column chromatography (gradient elution with 15-35% ethyl acetate in hexanes.

Data for 3.188: (PAJ 9-48, 13 mg, 72%)

'"H NMR (400 MHz, CDCl5)
0 7.27-7.25 (m, 2H), 7.13-7.11 (m, 1H), 7.09-7.03 (m, 4H), 6.53 (app br s, 2H),
6.30 (d, J=3.4 Hz, 1H), 5.55 (d, J= 3.4 Hz, 1H), 5.31 (d, J = 8.4 Hz, 1H), 3.35-
3.31 (m, 1H), 3.19, 3.10 (ABq, J = 21.0, 36.6 Hz, 2H), 3.06-3.01 (m, 1H,), 2.68-
2.59 (m, 1H), 2.55-2.49 (m, 1H), 2.10-2.03 (m, 1H), 2.08 (s, 3H) ppm

BC NMR (100 MHz, CDCls)
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0 202.1, 166.6, 162.2, 142.6, 141.4, 139.2, 137.0, 132.1 (2C), 130.3, 130.2, 129.7
(2C), 127.8, 127.5 (2C), 119.6 (2C), 119.0, 118.8, 107.0, 58.9, 40.8, 40.5, 32.2,
28.6, 25.9 ppm

IR (thin film)
2925, 2854, 2224, 1704, 1659, 1604, 1509, 1345, 1179 cm’!

HRMS TOF MS ES+ [M+H]: C27H23N202
Calc: 407.1754 Found: 406.1753

TLC Rr=0.27 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

3.189
(3aS*,9bS*)-1-(4-Methoxyphenyl)-6-methyl-3-methylene-9-phenyl-1,3a,4,5,7,9b-hexahydro-
2H-azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.189): Prepared according to general procedure I.
Allene-yne 3.170 (6 mg, 0.2 mmol), rhodium dicarbonyl chloride dimer (0.5 mL of a 1 mg/mL
toluene solution, 0.001 mmol), and toluene (1.3 mL) provided tricycle 3.189 (5 mg, 76%) as a
white solid after column chromatography (gradient elution with 15-35% ethyl acetate in
hexanes). This product was also prepared according to general procedure H. Allene-yne 3.170
(25 mg, 0.065 mmol), rhodium biscarbonyl chloride dimer (3 mg, 0.006 mmol), and toluene (6.6
mL) to provide tricycle 3.189 (20 mg, 77%) as a white solid after column chromatography.

Data for 3.189: (PAJ 8-122, 5 mg, 76%; PAJ 9-32, 20 mg, 77%)

'"H NMR (500 MHz, CDCl5)
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3C NMR

HRMS

Ph

o)

3.190

0
@\NJ\%

0 7.12-7.10 (m, 1H), 7.06-7.03 (m, 2H), 6.79-6.77 (m, 2H), 6.58-6.57 (m, 2H),
6.51-6.49 (m, 2H), 6.22 (d, J=3.2 Hz, 1H), 5.45 (d, J=3.2 Hz, 1H), 531 (d, J =
8.5 Hz, 1H), 3.72 (s, 3H), 3.31-3.28 (m, 1H), 3.17, 3.08 (ABq, J = 21.0 Hz, 2H),
3.09-3.01 (m, 1H), 2.62-2.58 (m, 1H), 2.51-2.46 (m, 1H), 2.10-2.00 (m, 1H), 2.05
(s, 3H) ppm

(125 MHz, CDCl3)

0202.4,166.2,163.4, 156.3, 143.7, 139.3, 136.4, 131.2, 130.7, 129.6 (2C), 127.6,
127.4 (2C), 120.6 (2C), 116.7, 113.5 (2C), 59.2, 55.6, 41.0, 40.6, 32.4, 29.9, 28.7,
25.8 ppm

(thin film)

2924, 1700, 1511, 1250 cm’!

TOF MS ES+ [M+H]: C27H26NO3

Calc: 412.1907 Found: 412.1901

Rr=0.23 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

(3aS*,9bS*)-6-Methyl-3-methylene-9-phenyl-1-(thiophen-2-yl)-1,3a,4,5,7,9b-hexahydro-2H-

azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.190): Prepared according to general procedure I.

Allene-yne 3.172 (12 mg, 0.033 mmol), rhodium biscarbonyl chloride dimer (1.3 mL of a 1

mg/mL toluene solution, 0.003 mmol), and toluene (3.3 mL) provided tricycle 3.190 (7 mg,

54%) as a pale yellow solid after column chromatography (gradient elution with 25-50% ethyl
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acetate in hexanes). This product was also synthesized following general procedure H. Allene-

yne 3.172 (18 mg, 0.050 mmol), rhodium biscarbonyl chloride dimer (2 mg, 0.005 mmol), and

toluene (5 mL) provided tricycle 3.190 (15 mg, 79%) as a pale yellow solid after column

chromatography.

Data for 3.190: (PAJ 9-2, 7 mg, 54%; PAJ 9-44, 15 mg, 79%)

'"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

0 7.10-7.04 (m, 3H), 6.70 (dd, J = 1.4, 5.4 Hz, 1H), 6.65-6.59 (m, 3H), 6.25 (d, J
=3.6 Hz, 1H), 6.24 (d, J=3.2 Hz, 1H), 5.49 (d, /= 3.2 Hz, 1H), 5.16 (d, /= 8.0
Hz, 1H), 3.40-3.34 (m, 1H), 3.21, 3.12 (ABq, J = 21.0 Hz, 2H), 3.08-2.98 (m,
1H), 2.69-2.58 (m, 1H), 2.55-2.48 (m, 1H), 2.06 (s, 3H), 2.03-1.99 (m, 1H) ppm
(100 MHz, CDCl3)

0202.4,164.6,163.1, 141.8, 139.5, 139.0, 136.2, 130.4, 130.1, 129.3 (2C), 127.8,
127.2 (2C), 123.0, 119.2, 117.8, 111.8, 60.8, 41.9, 40.5, 32.2, 28.5, 25.9 ppm
(thin film)

3434, 1693, 1575, 1360, 1305 cm™!

TOF MS ES+ [M+1]: C24H22NO,S

Calc: 388.1366 Found: 388. 1357

Rr=0.31 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

0
Ts \NJ%
Ph 2

)

3.191

(3aS*,9bS*)-6-Methyl-3-methylene-9-phenyl-1-tosyl-1,3a,4,5,7,9b-hexahydro-2H-

azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.191): Prepared according to general procedure I.
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Allene-yne 3.173 (4 mg, 0.009 mmol), rthodium biscarbonyl chloride dimer (0.5 mL of a 1
mg/mL toluene solution, 0.001 mmol), and toluene (1 mL) provided tricycle 3.191 (3 mg, 75%)
as a white solid after column chromatography (gradient elution with 25-50% ethyl acetate in
hexanes). This reaction was repeated according to general procedure 1. Allene-yne 3.173 (9 mg,
0.02 mmol), rhodium biscarbonyl chloride (1 mg, 0.002), and toluene (2.1 mL) provided tricycle
3.191 (6 mg, 67%) as a white solid after column chromatography.

Data for 3.191: (PAJ 8-84, 3 mg, 75%; PAJ 8-10, 6 mg, 67%)

'"H NMR (500 MHz, CDCl5)
0 7.64 (d, J= 8.5 Hz, 2H), 7.40-7.38 (m, 3H), 7.21 (d, J = 8.5 Hz, 2H), 7.12 (app
brs, 2H), 6.16 (d, J = 3.5 Hz, 1H), 5.43 (d, J = 3.5 Hz, 1H), 5.07 (d, J = 8.5 Hz,
1H), 3.23-3.22 (m, 1H), 3.23, 3.10 (ABq, J = 20.5 Hz, 2H), 2.96-2.86 (m, 1H),
2.56-2.47 (m, 1H), 2.43-2.38 (m, 1H), 2.37 (s, 3H), 2.01 (s, 3H), 1.80-1.74 (m,
1H) ppm

BC NMR (125 MHz, CDCls)
0202.6, 166.5, 164.6, 145.3, 140.7, 139.3, 134.8, 134.7, 132.0, 131.4 (2C), 130.9,
130.4, 129.7 (2C), 128.5 (2C), 127.8 (2C), 121.4, 60.2, 41.5, 40.7, 31.9, 29.3,
25.7,21.8 ppm

IR (thin film)
2888, 1714, 1674, 1358, 1160 cm™

HRMS TOF MS ES+ [M+H]: C27H26NO4S
Calc: 460.1577 Found: 460.1577

TLC Rr=0.23 (50% EtOAc/hexanes) [silica gel, UV, vanillin]
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3.193
(3aR*,9bS*)-3,6-Dimethyl-9-phenyl-1,3a,4,5,7,9b-hexahydro-2H-azuleno[4,5-b]pyrrole-
2,8(3H)-dione (3.193): Prepared according to general procedure 1. Allene-yne 3.134 (17 mg,
0.061 mmol), rthodium dicarbonyl chloride dimer (3 mg, 0.0061 mmol), and toluene (6 mL)
yielded tricycle 3.193 (14 mg, 77%) as a white solid after purification by column

chromatography (gradient elution with 50-100% ethyl acetate in hexanes).

Data for 3.193: (PAJ 7-196, 14 mg, 77%)

'"H NMR (400 MHz, CDCl3)
0 7.44-7.38 (m, 3H), 7.17-7.15 (m, 2H), 5.21 (br s, 1H), 4.98 (d, J = 7.6 Hz, 1H),
3.19, 3.12 (ABq, J = 20.8 Hz, 2H), 2.59-2.46 (m, 2H), 2.35-2.24 (m, 2H), 2.09-
2.02 (m, 1H), 1.90 (s, 3H), 1.86-1.81 (m, 1H), 1.22 (d, J= 7.2 Hz, 3H) ppm

3C NMR (100 MHz, CDCl3)
0 202.5, 179.8, 163.0, 144.7, 140.9, 131.2, 129.5 (2C), 129.0, 128.8 (2C), 128.7,
55.3,45.6,42.4,42.1,32.7,31.9,24.2, 15.6 ppm

IR (thin film)
3374,2902, 1673, 1431 cm’!

HRMS TOF MS ES+ [M+H]: C20H22NO>
Calc: 308.1645 Found: 308.1649

TLC Rr=0.15 (75% EtOAc/hexanes) [silica gel, UV, vanillin]
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3.195

(3aS*,9bS*)-3,6-Dimethyl-1,3a,4,5,7,9b-hexahydro-2H-azuleno[4,5-b]|pyrrole-2,8(3H)-dione
(3.195): Prepared according to general procedure H. Allene-yne 3.194 (12 mg, 0.059 mmol, 9:1
ratio of diastereomers), rhodium dicarbonyl chloride dimer (2 mg, 0.005 mmol), and toluene (5
mL) provided tricycle 3.195 (11 mg, 78%) as a white solid after column chromatography
(gradient elution with 25-100% ethyl acetate in hexanes). The ratio of diastereomers was
determined to be 7:1 based on integration of the resonances for H, which appeared as doublets at
4.56 (minor) and 4.51 (major), and the major diastereomer is depicted in 3.195.

Data for 3.195: (PAJ 8-76, 11 mg, 78%)

'"H NMR (500 MHz, CDCl5)
0 7.47 (br s, 1H)*, 7.36 (br s, 1H), 6.10 (s, 1H)*, 6.07 (s, 1H), 4.56 (d, J = 10.5
Hz, 1H)*, 4.51 (d, J = 10.0 Hz, 1H), 3.00 (s, 2H), 2.76-2.70 (m, 1H), 2.31-2.18
(m, 3H), 1.91 (s, 3H), 1.95-1.87 (m, 1H), 1.77-1.70 (m, 1H), 1.20 (d, J = 7.0 Hz,
3H) ppm
*Minor diastereomer where distinguishable

BC NMR (126 MHz, CDCls)
0 204.0, 179.5, 173.3, 137.5, 131.2, 126.6, 57.1*, 56.6, 47.3, 45.0, 42.0%, 41.5%,
41.4,33.3%,32.7,28.1, 24.8, 23.7*, 13.8, 12.0* ppm

IR (thin film)
3196, 2893, 1680, 1553, 1438, 1231, 1156 cm™

HRMS TOF MS ES+ [M+H]: C14H1sNO>
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Calc: 232.1259 Found: 232.1339
TLC Rr=0.11 (100% EtOAc) [silica gel, UV, p-anisaldehyde]

General Procedure J: Acetylation of Lactam Nitrogen

0 0
HNJ\«% Acz0, NEt3, ACNJ\:%
H $ H g

DMAP

v

DCM, 0 °C—rt

3.185 3.196, 78%
(3aS*,9bS*)-1-Acetyl-6-methyl-3-methylene-1,3a,4,5,7,9b-hexahydro-2H-azuleno|[4,5-
b]pyrrole-2,8(3H)-dione (3.196): A flame-dried test tube equipped with a stir bar, septum, and
nitrogen inlet needle was charged with tricycle 3.185 (8 mg, 0.03 mmol) dissolved in DCM (0.4
mL). Dimethylaminopyridine (1 mg, 0.008 mmol) was added and the solution was cooled to 0
°C. Triethylamine (0.05 mL, 0.3 mmol) was added dropwise via syringe followed by dropwise
addition of acetic anhydride (0.02 mL, 0.2 mmol) via syringe. The reaction was allowed to warm
to rt with stirring for 2 h, and TLC showed consumption of starting material. The reaction was
diluted with DCM (10 mL) and transferred to a separatory funnel. The organic layer was washed
with saturated ammonium chloride (5 mL), brine (5 mL), dried over magnesium sulfate, gravity
filtered, concentrated by rotary evaporation, and purified by silica gel flash column
chromatography (gradient elution with 50-75% ethyl acetate in hexanes) to provide N-acetyl
lactam 3.196 (7 mg, 78%) as a white, sticky solid.

Data for 3.196: (PAJ 8-68, 7 mg, 78%)

'HNMR (400 MHz, CDCl3)
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0 6.27 (d, J=3.6 Hz, 1H), 5.63 (s, 1H), 5.49 (d, J= 3.6 Hz, 1H), 5.03 (d,/=9.2
Hz, 1H), 3.02, 2.94 (ABq, J = 20.8 Hz, 2H), 2.89-2.75 (m, 2H), 2.65 (s, 3H),
2.56-2.41 (m, 1H), 2.37-2.31 (m, 1H), 1.94 (s, 3H), 1.87-1.79 (m, 1H) ppm

C NMR (100 MHz, CDCl3)
0 203.6, 172.4, 171.9, 167.6, 142.4, 136.1, 131.8, 126.9, 120.3, 57.8, 41.0, 39.6,
31.2,27.7,25.8,24.9 ppm

IR (thin film)
2890, 1710, 1653, 1555, 1351, 1299, 1145 cm’!

HRMS TOF MS ES+ [M+H]: CisH1sNO3
Calc: 272.1281 Found: 272.1277

TLC Rr=0.57 (100% EtOAc) [silica gel, UV, p-anisaldehyde]

0
AcNJ\:¢

Ph

O
3.196

(3aS*,9bS*)-1-Acetyl-6-methyl-3-methylene-9-phenyl-1,3a,4,5,7,9b-hexahydro-2H-
azuleno[4,5-b]pyrrole-2,8(3H)-dione (3.196): Prepared according to general procedure J,
except that the reaction was not complete after 5 h, so it was stirred for 20 h at rt. Tricycle 3.116
(9 mg, 0.03 mmol), dimethylaminopyridine (1 mg, 0.008 mmol), triethylamine (0.04 mL, 0.3
mmol), acetic anhydride (0.02 mL, 0.2 mmol), and DCM (0.2 mL) provided N-acetyl lactam
3.196 (6 mg, 60%) as a pale yellow solid after column chromatography (gradient elution with
15-50% ethyl acetate in hexanes).

Data for 3.196: (PAJ 7-124, 6 mg, 60%)

268



'"H NMR (500 MHz, CDCl3)
0 7.35-7.29 (m, 3H), 7.04-6.49 (app br s, 2H), 6.29 (d, J= 3.2 Hz, 1H), 5.54 (d, J
=3.2 Hz, 1H), 5.16 (d, J= 8.5 Hz, 1H), 3.17, 3.06 (ABq, J = 21.0 Hz, 2H), 3.12-
3.10 (m, 1H), 2.99-2.91 (m, 1H), 2.59-2.51 (m, 1H), 2.44-2.39 (m, 1H), 2.00 (s,
3H), 1.91-1.88 (m, 1H), 1.59 (s, 3H) ppm

C NMR (126 MHz, CDCl3)
0202.7,171.8, 166.4, 164.5, 142.8, 138.3, 135.8, 131.2, 131.0 (2C), 130.6, 127.8
(20), 120.6, 57.4, 40.5, 39.7, 31.8, 29.7, 28.6, 25.7, 23.9 ppm

IR (thin film)
3390, 2892, 1689, 1355, 1273, 1164 cm’!

HRMS TOF MS ES+ [M+H]: C22H22NO3
Calc: 348.1521 Found: 348.1518

TLC Rr=0.31 (50% EtOAc/hexanes) [silica gel, UV, KMnOQO4]

3.198

(3aS*,9bS*)-1-Acetyl-3,6-dimethyl-1,3a,4,5,7,9b-hexahydro-2H-azuleno[4,5-b]pyrrole-

2,8(3H)-dione (3.198): Prepared according to general procedure J; TLC showed consumption of
the starting material after 6.5 h. Tricycle 3.195 (11 mg, 0.05 mmol, 9:1 ratio of diastereomers),
dimethylaminopyridine (I mg, 0.008 mmol), triethylamine (0.07 mL, 0.5 mmol), acetic
anhydride (0.02 mL), and DCM (0.5 mL) provided N-acetyl lactam 3.198 (6 mg, 46%) as a white

solid after column chromatography (gradient elution with 25-75% ethyl acetate in hexanes) and
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as a 4.75:1 mixture of diastereomers based on integration of the resonances corresponding to Ha
appearing as doublets at 5.08 (minor) and 5.02 (major)

Data for 3.198: (PAJ 8-78, 6 mg, 46%)

'"H NMR (500 MHz, CDCl3)
3 5.59 (s, 1H), 5.08 (d, J = 5.5 Hz, 1H)*, 5.02 (d, J = 10.5 Hz, 1H), 3.01, 2.94
(ABq, J=21.0 Hz, 2H), 2.87-2.81 (m, 1H), 2.57 (s, 3H), 2.41-2.26 (m, 3H), 1.93
(s, 3H), 1.87-1.79 (m, 1H), 1.71-1.65 (m, 1H), 1.24 (d, /= 7.0 Hz, 3H) ppm

C NMR (126 MHz, CDCl5)
0 203.7, 177.1, 172.5, 171.7, 136.5, 131.7, 127.1, 66.0, 58.3, 45.7, 42.3*, 41.0,
31.6,29.0,25.4,24.7,15.4%,13.7 ppm
* Discernible signals for 1 of 2 diastereomers

IR (thin film)
2893, 1721, 1681, 1661, 1544, 1353, 1254 cm’!

HRMS TOF MS ES+ [M+H]: Ci6H20NO3
Calc: 274.1438 Found: 274.1438

TLC Rr=0.46 (75% EtOAc/hexanes) [silica gel, UV, vanillin]

General Procedure K: Monitoring the Reaction of o-Methylene-y-Lactams with

Cysteamine by 'TH NMR

CDCls, rt
9 days to
reach
completion 3.203

3.116
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Tricyclic lactam 3.116 (8 mg, 0.03 mmol) was dissolved in chloroform-d (0.5 mL) and
transferred to an NMR tube. Cysteamine (30 mg, 0.4 mmol) was dissolved in chloroform-d
separately, transferred to the NMR tube containing lactam 3.116 via pipet and the NMR tube was
capped and shaken vigorously by hand for 2 min. The 'H NMR was monitored for the
disappearance of the methylene hydrogen resonances (Ha and Hy) which appeared as doublets at
5.99 ppm and 5.28 ppm. Integration of the methylene hydrogen resonances showed about 5%
remaining starting material after 8 days and this remained the same at 9 days. Product formation
was first observed after 24 h at rt where new resonances for the amide hydrogen (Hg, 5.51 and
5.44) and the hydrogen on the carbon next to the nitrogen (Hc, 5.01 and 4.75) were detected
indicating the formation of 2 diastereomers in about a 2:1 ratio. The products were unable to be

i1solated for structural confirmation.

O)u S @k\
15equw s\ ~NH;

CDC|3 rt,
2.5dtoreach
completion

3.187 3.204

The reaction was monitored according to general procedure K. Tricyclic lactam 3.187 (2
mg, 0.004 mmol), cysteamine (5 mg, 0.07 mmol), and chloroform-d (0.7 mL) were used.
Complete disappearance of the a-methylene resonances at 6.29 and 5.53 was observed after
about 2.5 d. Minimal product formation was detected after 21 h, and it was observed that
cysteamine had mostly oxidized to the disulfide, thus more cysteamine was added at this time
point (10 mg, 0.15 mmol). He appeared at the same chemical shift for both the starting material

3.187 and the product 3.204. Product formation was initially observed 2 h after this additional
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cysteamine was added (23 h total reaction time) by a new aromatic peak shifted upfield relative
to the starting material at 6.89 ppm. The area of this peak increased over time as the area of the
a-methylene resonances decreased. 32 h after additional cysteamine was added (53 h total), the
a-methylene resonances were nearly gone and further measurements became difficult due to the
large amount of cysteamine and disulfide present in the reaction, so complete adduct formation

was estimated as about 2.5 days.

NH
HS/\/ 2
15 equiv

CDCls, rt
55 min to
reach
3.196 completion 3.205

This reaction was monitored according to general procedure K. Tricyclic lactam 3.196 (2
mg, 0.006 mmol), cysteamine (7 mg, 0.09 mmol), and chloroform-d (1 mL) were used. Complete
disappearance of the a-methylene resonances at 6.26 and 5.48 was observed after 55 min.
Significant product formation (more than 50% SM reacted) was observed in less than 10 min as
two new peaks, corresponding to two diastereomers, for He (5.18 and 5.03) and Hqg (5.56 and
5.57) were observed as a 2:1 ratio of diastereomers and a 2.3:1 ratio of products to starting

material.

CDCls, rt,
<10 min to
reach
completion

3.191 3.206
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This reaction was monitored according to general procedure K. Tricyclic lactam 191 (2
mg, 0.004 mmol), cysteamine (5 mg, 0.07 mmol), and chloroform-d (0.7 mL) were used.
Complete disappearance of the a-methylene resonances at 6.17 and 5.44 was observed in less

than 10 min. Only a single resonance was observed for Hc, suggesting that a single diastereomer

was formed.
0O
wo gz o
Ph N >

pH = 8.0 buffer

0] acetone (1:1), rt

24 h
3.56 3.207

(3aS*,9bS*)-3-((tert-Butylthio)methyl)-1,6-dimethyl-9-phenyl-1,3a,4,5,7,9b-hexahydro-2H-

azuleno|4,5-b]|pyrrole-2,8(3H)-dione (3.207): A 2-mL vial equipped with a magnetic stir bar
was charged with tricyclic lactam 3.56 (10 mg, 0.03 mmol), fert-butyl thiol (0.02 mL, 0.2 mmol),
acetone (0.5 mL), and phosphate buffered saline (pH = 8.0, 0.5 mL). The vial was capped with a
septum and allowed to stir at rt for 24 h. Only starting material was detected by TLC analysis, so
the pH was raised to 12 (pH paper) by addition of potassium hydroxide (2 mg, 0.04 mmol) and
the starting material was consumed within 30 min as observed by TLC. The reaction was then
poured into a separatory funnel containing deionized water (3 mL) and DCM (10 mL). The
layers were separated. The aqueous layer was extracted with DCM (2 x 5 mL). The organic
layers were combined, washed with brine (5 mL), dried over magnesium sulfate, filtered, and
concentrated by rotary evaporation and purified by flash column chromatography on silica gel
(gradient elution with 25-50% ethyl acetate in hexanes) to provide thiol adduct 3.207 (3 mg,

23%, 1.6:1 diastereomeric ratio) as a clear oil. Diastereomeric ratio determined by integration of
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resonances corresponding to Ha at 4.66 (J = 10.0 Hz) for the minor diastereomer and 4.50 (J =

8.5 Hz) for the major diastereomer.

Data for 3.207

: -130, 3 mg, 0, 1.6:1 dr
PAJ 8-130, 3 mg, 23%, 1.6:1 d

'"H NMR

3C NMR

HRMS

TLC

(500 MHz, CDCl3)

0 7.33-7.27 (m, 3H), 7.23-7.21 (m, 2H), 4.66 (d, J = 10.0 Hz, 1H)*, 4.50 (d, J =
8.5 Hz, 1H), 3.17-3.07 (m, 3H), 2.94-2.79 (m, 2H), 2.75-2.69 (m, 1H), 2.51-2.41
(m, 2H), 2.37-2.30 (m, 2H), 1.98 (s, 3H), 1.90 (s, 3H), 1.37 (s, 9H) ppm

(100 MHz, CDCl3)

0 202.92, 202.86*, 175.3, 166.1, 138.5, 137.7, 137.1, 130.8, 130.73*, 130.67
(20), 128.5, 128.4*, 127.7 (2C), 127.6*, 62.7, 61.7*, 50.3, 44.2, 43.2*, 42.7,
42.6*, 40.6, 34.3, 33.4*, 32.6, 31.1, 31.0*, 30.8, 30.4*, 30.32, 30.30%, 29.4, 25.7,
25.6*,21.0 ppm

* Discernible signals for 1 of 2 diastereomers

(thin film)

3407, 2927, 1686, 1445, 1079 cm™!

TOF MS ES+ [M+H]: C2sH32NO>S

Calc: 410.2148 Found: 410.2144

Rr=0.32 (50% EtOAc/hexanes) [silica gel, UV, vanillin]

General Procedure K: Acetylation of Nitrogen and Oxygen

0
HN

74

PH HO
4.15

DMAP, Ac,0,

Et;N, DCM
= rt, 3 h

4.17,53%
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A flame dried, 5 mL round bottom flask under a nitrogen atmosphere equipped with a
magnetic stir bar, a septum, and nitrogen inlet needle was charged with alcohol 4.15 (92 mg,
0.31 mmol, 4:1 trans:cis), dichloromethane (1.6 mL), and 4-dimethylaminopyridine (4 mg, 0.03
mmol), then cooled to 0 °C in an ice bath. Triethylamine (0.44 mL, 3.1 mmol) was added
dropwise via syringe, followed by dropwise addition of acetic anhydride (0.15 mL, 1.6 mmol).
The ice bath was removed and the reaction was allowed to warm to rt over 3 h. The reaction was
transferred to a separatory funnel, diluted with dichloromethane (25 mL), washed sequentially
with saturated aqueous ammonium chloride (10 mL) and brine (10 mL), dried over magnesium
sulfate, filtered, concentrated by rotary evaporation, and purified by silica gel flash column
chromatography eluting with 10-20% ethyl acetate in hexanes to yield the trans bis acetylated
lactam xx (62 mg, 53%) as a clear oil and the cis bis acetylated lactam 4.17 (9 mg, 8%) as a clear

oil.

5-((2S*,3S*)-1-Acetyl-4-methylene-5-0x0-2-(phenylethynyl)pyrrolidin-3-yl)-3-methylpent-

1-yn-3-yl acetate (4.17):

Data for 4.17: (PAJ 7-64, 77 mg, 66% total, 7:1 trans:cis)

'"H NMR (400 MHz, CDCls)
0 7.39-7.38 (m, 2H), 7.30-7.27 (m, 3H), 6.38 (d, /= 2.0 Hz, 1H), 5.66 (d, J = 2.0
Hz, 1H), 4.87 (d, J=2.0 Hz, 1H), 3.11-3.08 (m, 1H), 2.62 (s, 3H), 2.58 (s, 0.5H),
2.57* (s, 0.5H), 2.11-2.06 (m, 1H), 2.03 (s, 3H), 1.91-1.76 (m, 3H), 1.69 (s, 3H)
ppm
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BC NMR (100 MHz, CDCl3)
0 171.0, 169.31, 169.29%, 166.3, 142.55, 142.49*, 132.0 (2C), 128.8, 128.4 (2C),
122.91, 122.88%*, 122.2, 86.84, 86.81*, 84.1, 83.2, 83.1%*, 74.24, 74.22%*, 74.18,
51.2,51.1%,44.11, 44.06*, 38.4, 38.3*%, 29.9, 29.8*, 26.67, 26.66*, 25.5, 22.0
ppm

IR (thin film)
3268, 2938, 1738, 1705, 1652, 1371, 1303, 1243, 1174, 1017 cm™!

HRMS TOF MS ES+ [M+H]: C23H24NO4
Calc: 378.1700 Found: 378.1684

TLC Rr=0.29 (25% EtOAc/hexanes) [silica gel, UV, KMnOQO4]

4.17b

5-((2S*,3R*)-1-Acetyl-4-methylene-5-oxo-2-(phenylethynyl)pyrrolidin-3-yl)-3-methylpent-
1-yn-3-yl acetate (4.17b):

Data for 4.17b: (PAJ 7-64, 77 mg, 66%, 7:1 trans:cis)

'"H NMR (400 MHz, CDCl5)
87.40-7.37 (m, 2H), 7.30-7.26 (m, 3H), 6.33 (d, /= 3.0 Hz, 1H), 5.59 (app t, J =
2.3 Hz, 1H), 5.32 (d, J = 8.0 Hz, 1H), 2.98-2.93 (m, 1H), 2.61 (s, 3H), 2.51 (s,
0.5H), 2.45* (0.5H), 2.26-2.06 (m, 4H), 2.06 (s (1.5H), 1.89* (s, 1.5H), 1.72 (s,
1.5H), 1.70* (s, 1.5H) ppm

3C NMR (100 MHz, CDCl5)
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0 170.6, 169.38, 169.34*, 166.9, 142.83, 142.81%*, 132.1 (2C), 128.9, 128.3 (2C),
122.2, 122.1*, 120.6, 85.97, 85.96*, 83.5, 83.31%, 83.29, 83.1*, 74.6, 74.3*, 74.2,
73.9%, 50.00, 49.98%*, 40.8, 40.7*, 39.0, 38.6*, 29.8, 26.8, 26.7*, 25.4*, 23.5,
23.2%,22.0, 21.8* ppm

IR (thin film)
2932, 1715, 1685, 1447cm’!

HRMS TOF MS ES+ [M+H]: C23H24NO4
Calc: 378.1700 Found: 378.1684

TLC Rr=0.25 (25% EtOAc/hexanes) [silica gel, UV, KMnOQO4]

418

5-((2S*,3S*)-1-Acetyl-4-methylene-5-oxo-2-((triisopropylsilyl)ethynyl)pyrrolidin-3-yl)-3-
methylpent-1-yn-3-yl acetate (4.18): Prepared according to general procedure K; lactam 4.16
(85 mg, 0.23 mmol, 4:1 trans:cis), dichloromethane (1.2 mL), 4-dimethylaminopyridine (3 mg,
0.02 mmol), triethylamine (0.32 mL, 2.3 mmol), and acetic anhydride (0.11 mL, 1.1 mmol)
provided bis acetylated lactam 4.18 (70 mg, 67%, 4:1 trans:cis) as clear oils after silica gel flash
column chromatography.
Data for 4.18: (PAJ 7-34, 70 mg,, 67%, 4:1 trans:cis, 1:1 mixture of diastereomers)
'"HNMR (300 MHz, CDCl5)
0 6.31(d,J=3.0Hz, 1H), 5.59 (d, J= 1.8 Hz, 1H), 4.60-4.59 (m, 1H), 2.98-2.92
(m, 1H), 2.55 (s, 3H), 2.54 (s, 1H), 2.06-2.01 (m, 1H), 2.00 (s, 3H), 1.98-1.71 (m,

3H), 1.69 (s, 3H), 1.01 (s, 21H) ppm
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BC NMR (125 MHz, CDCl3)
0 170.7,169.3, 166.3, 142.5, 122.4, 105.2, 85.7, 83.2, 74.2, 51.4, 51.3, 44.3, 38.5,
29.5,26.6,25.4,21.9,18.6 (6C), 11.1 (3C) ppm
IR (thin film)
3269, 2943, 2866, 2175, 1739, 1709, 1463, 1371, 1350, 1294, 1243, 1174 cm™!
HRMS TOF MS ES+ [M+H]: C26H40NO4Si
Calc: 458.2727 Found: 458.2728
TLC Rr=0.67 (25% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

0

Me\N
DMAP, Ac,0,
__ EtN,DCM * _

4.46, 54%
3-Methyl-5-((2S*,3S*)-1-methyl-4-methylene-5-oxo0-2-(phenylethynyl)pyrrolidin-3-yl)pent-
1-yn-3-yl acetate (4.46): General procedure K was followed. Lactam 3.79 (86 mg, 0.27 mmol),
triethylamine (0.37 mL, 2.7 mmol), dimethylaminopyridine (4 mg, 0.03 mmol), acetic anhydride
(0.12 mL, 1.3 mmol), and DCM (1.3 mL) yielded lactam bis acetylated lactam 4.46 as a clear oil
(50 mg, 54%)

Data for 4.46: (PAJ 6-206, 50 mg, 54%)

'H NMR (400 MHz, CDCl3)

0 7.42-7.40 (m, 2H), 7.34-7.29 (m, 3H), 6.13 (d, /=2.4 Hz, 1H), 537 (d, J=2.4
Hz, 1H), 4.11 (d, J =4 Hz, 1H), 3.08-3.05 (m, 1H), 3.03 (s, 3H), 2.58 (s, 1H),
2.16-2.07 (m, 1H), 2.03 (s, 3H), 1.98-1.81 (m, 3H), 1.70 (s, 3H)

BCNMR (100 MHz, CDCL)
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0169.4,167.1, 142.0, 131.9 (2C), 129.0, 128.5 (2C), 122.1, 116.6, 86.0, 83.4,
74.5,74.0, 55.3, 44.5, 38.2, 28.6 (2C), 28.5, 26.7, 22.01
IR (thin film)
3292,2937, 2243, 2120, 1742, 1697, 1661, 1427, 1243, 1173, 1082 cm’!
HRMS TOF MS ES+ [M+H]: C22H24NO3
Calc: 350.1751 Found: 350.1751
TLC Rr=0.26 (50% EtOAc/hexanes, [silica gel, UV, KMnO4]

General Procedure L: Formal [3,3] Sigmatropic Rearrangement of Propargyl Acetates

[Rh(OCOCF3),],

DCE, 50°C, 1h

AcO "‘//

417 419, 74%

5-((2S*,3S*)-1-Acetyl-4-methylene-5-oxo-2-(phenylethynyl)pyrrolidin-3-yl)-3-methylpenta-

1,2-dienyl acetate (4.19): A flame dried test tube equipped with a magnetic stir bar was charged

with rhodium (II) trifluoroacetate dimer (6 mg, 0.008 mmol) in a nitrogen glove box, sealed with

a septum, removed, and placed under nitrogen via a needle in a fume hood. Propargyl acetate

4.17 (62 mg, 0.16 mmol) was dissolved in degassed toluene (0.8 mL) then transferred to the tube

containing the rhodium (II) trifluoroacetate dimer by syringe. The tube was evacuated and filled

with nitrogen (3x), the nitrogen inlet needle was removed, and the solution was heated to 60 °C

(sealed tube) in a prewarmed oil bath for 1 h. The solution was removed from the heat and

allowed to cool to rt, then applied directly to a silica gel column and purified by flash column

chromatography eluting with 5-15% ethyl acetate in hexanes to yield allenyl acetate 4.19 as a

clear oil (46 mg, 74%).
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Data for 4.19: (PAJ 7-70, 46 mg, 74%)

'"H NMR

3C NMR

HRMS

TLC

(400 MHz, CDCl3)

0 7.39-7.37 (m, 2H), 7.35-7.33 (m, 1H), 7.31-7.26 (m, 3H), 6.36 (app t, /=2 Hz,
1H), 5.64 (d, J=7.2 Hz, 0.5H), 5.63*(d, /= 7.2 Hz, 0.5H), 4.85 (s, 1H), 3.12-
3.09 (m, 1H), 2.616 (s, 3H), 2.615* (s, 3H), 2.23-2.18 (m, 2H), 2.14 (s, 1.5H),
2.12* (s, 1.5H), 1.859 (s, 1.5H), 1.855* (s, 1.5H), 1.80 (m, 1H), 1.73-1.67 (m, 1H)
ppm

(125 MHz, CDCl3)

0 189.9, 189.8%*, 171.09, 171.07*, 168.83, 168.79%*, 166.4, 142.7, 142.6*, 132.0
(20), 128.8, 128.4 (2C), 122.9, 122.8*,122.3, 114.7, 114.6*, 110.8, 110.7*,
86.92, 86. 90*, 84.1, 84.0*, 51.25, 51.18%*, 43.72, 43.69*, 32.84, 32.78%*, 31.6,
31.5*,25.5,21.0, 20.99, 20.93* ppm

*Discernible signals for one of two diastereomers

(thin film)

2922, 1741, 1491, 1445, 1372, 1270, 1216, 1110, 1042 cm™!

TOF MS ES+ [M+H]: C23H24NO4

Calc: 378.1700 Found: 378.1707

Rr=0.65 (40% EtOAc/hexanes, [silica gel, UV, p-anisaldehyde]
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5-((2S*,3S*)-1-Acetyl-4-methylene-5-oxo-2-((triisopropylsilyl)ethynyl)pyrrolidin-3-yl)-3-
methylpenta-1,2-dienyl acetate (4.20): General procedure L was followed. Rhodium (II)
trifluoroacetate dimer (3 mg, 0.005 mmol), propargyl acetate 4.18 (43 mg, 0.094 mmol), and
toluene (0.5 mL) were used. Purification by silica gel flash chromatography eluting with 5-10%
ethyl acetate in hexanes yielded allenyl acetate 4.20 (42 mg, 97%) as a clear oil.
Data for 4.20: (PAJ 7-38, 42 mg, 97%)
'"H NMR (500 MHz, CDCl3)
0 7.32-7.31 (m, 1H), 6.31 (d, J=2Hz, 1H), 6.30*(d, /=2 Hz, 1H), 5.59 (d, J =
1.5 Hz, 1H), 5.57*(d, J= 2 Hz, 1H), 4.61 (d, /=1 Hz, 1H), 3.01-2.96 (m, 1H),
2.56 (s, 3H), 2.21-2.12 (m, 2H), 2.124 (s, 3H), 2.116* (s, 3H), 1.833 (s,
1.5H), 1.829* (s, 1.5H), 1.73-1.62 (m, 2H), 1.0 (s, 21H)
C NMR (125 MHz, CDCls)
0 189.7, 189.6%, 170.73, 170.72*, 168.81, 168.76*, 166.4, 142.7, 142.6*, 122.5,
122.4*,114.8, 114.6*, 110.8, 110.7*, 105.3, 85.6, 85.5*, 51.32, 51.27%*, 44.1,
43.9*% 32.7,32.6%,31.54,31.51*,25.3, 21.03, 21.01%*, 20.9, 18.6 (6C), 11.1 (3C)
*Discernible signals for one of two diastereomers
IR (thin film)
3266, 2931, 1715, 1447 cm’!
HRMS TOF MS ES+ [M+H]: C26H40NO4Si
Calc: 458.2721 Found: 458.2742

TLC Rr=0.52 (25% EtOAc/hexanes, [silica gel, UV, p-anisaldehyde]
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[Rh(CO),Cl], (10 mol%)
PPh3 (30 mol%)
AgBF,4 (22 mol%)

Y

DCE, CO (g), 50 °C, 1 h

4.22

60%, 1:1.6
*Diastereomers ~ 1.4:1

A flame-dried test tube was charged with rhodium biscarbonyl chloride dimer (8 mg,
0.02 mmol) and dichloroethane (0.7 mL). Triphenylphosphine (17 mg, 0.06 mmol) was
dissolved in dichloroethane (0.7 mL) and added to the rhodium and this was stirred 15 min under
a nitrogen atmosphere. Silver tetrafluoroborate (9 mg, 0.05 mmol) was weighed into test tube in
glove box, sealed with a septum, removed, and dissolved in dichloroethane (0.6 mL). The silver
tetrafluoroborate solution was added dropwise over 5 min to the rhodium and triphenylphosphine
solution. The stir plate was turned off and the precipitate was allowed to settle to the bottom of
the test tube for 1 h, then the rhodium catalyst solution (1.1 mL, 0.01M in rhodium) was
carefully removed via syringe, leaving the precipitate in the bottom of the test tube. This solution
was transferred to a dry 5 mL round bottom flask under an atmosphere of 10% carbon monoxide
in argon via syringe. A solution of allenyl acetate 4.19 (40 mg, 0.11 mmol) in dichloroethane
(1.3 mL) was added via syringe to the rhodium catalyst solution, then this mixture was placed in
a preheated oil bath at 50 °C and stirred for 2 h. The crude reaction mixture was filtered through
a plug of silica gel eluting with 50% ethyl acetate in hexanes, concentrated, then purified by
silica gel flash column chromatography (gradient elution with 15-45% ethyl acetate in hexanes)
to provide [2 + 2] cycloaddition product 4.22 (15 mg, 34%) and Pauson-Khand product 4.21 (11

mg, 25%) each as pale yellow oils.
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(3aS*,9bS*)-1-Acetyl-6-methyl-3-methylene-2,8-dioxo-9-phenyl-2,3,3a,4,5,7,8,9b-

octahydro-1H-azuleno|[4,5-b]pyrrol-7-yl acetate (4.21):

Data for 4.21: (PAJ 6-164, 11 mg, 25%)

'"H NMR

3C NMR

(500 MHz, CDCl3)

0 7.38-7.31 (m, 3H), 7.01-6.89 (m, 2H), 6.31 (d, J= 3.5 Hz, 1H), 6.29* (d, J=3.5
Hz, 1H), 5.82 (s, 1H), 5.59* (s, 1H), 5.56 (d, J = 3.5 Hz, 1H), 5.53* (d, J=3.5
Hz, 1H), 5.23 (d, J = 8.5 Hz, 1H), 5.11* (d, J = 9.0 Hz, 1H), 3.22-3.15 (m, 1H),
3.12-3.17* (m, 1H), 3.06-2.99 (m, 2H), 2.61-2.57* (m, 2H), 2.40 (dt, /= 16.0, 5.0
Hz, 2H), 2.19 (s, 3H), 2.10* (s, 3H), 2.02 (s, 3H), 2.00* (s, 3H), 1.93-1.89* (m,
2H), 1.59 (s, 3H), 1.58* (s, 3H) ppm

(125 MHz, CDCl3)

o 198.7, 198.4* 171.8, 171.6*, 170.0, 169.7*, 166.2, 165.1*, 163.5, 142.6,
142.4*, 140.3, 139.7*, 135.4, 135.2*, 134.93*, 134.88, 134.83*, 131.0, 130.9%,
130.7, 130.42*, 130.38, 130.3*, 130.2, 128.3*, 128.1, 128.0*, 127.96, 127.8%*,
121.0, 120.8*, 72.9, 70.4*, 57.4, 57.3*,39.3, 39.1%*, 32.7, 32.1*, 28.9, 28.7*, 25.2,
25.1%,23.9, 23.8*, 20.8, 20.6* ppm

*Other diastereomer where distinguishable

(thin film)

2926, 1735, 1709, 1438, 1371, 1281, 1227, 1171, 1119, 1041 cm’!
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HRMS TOF MS ES+ [M+H]: C24H24NOs5
Calc: 406.1654 Found: 406.1660

TLC Rr=0.27 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

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

PhMe, CO(g)
110 °C, 4 h

4.44, 55%

(Z)-((3S*,3aS*)-2-Acetyl-5a-methyl-1-ox0-3-((triisopropylsilyl)ethynyl)hexahydro-1H-
cyclobuta[1,5]cyclopenta[1,2-c]pyrrol-6(7H)-ylidene)methyl acetate (4.44): A 2-neck, 15-
mL, flame-dried round bottom flask equipped with a magnetic stir bar, a septum, and a
condenser capped with a septum and attached to a vacuum line with a needle was charged with
rhodium bis carbonyl chloride (4 mg, 0.009 mmol) and toluene (6.7 mL). The apparatus was
evacuated and filled with CO(g) via a balloon (3x), then lowered into a preheated oil bath set to
110 °C. Allenyl acetate 4.20 (40 mg, 0.087 mmol) was dissolved in toluene (2 mL) and added
slowly to the stirring mixture of rthodium bis carbonyl chloride via syringe pump over 1 h (2
mL/h). The reaction was stirred an additional 30 min after addition of the allenyl acetate 4.20
was complete, then an aliquot of the reaction mixture showed completion by '"HNMR. The
solution was allowed to cool to rt, filtered through a plug of silica gel eluting with 75% ethyl
acetate in hexanes, then concentrated by rotary evaporation. The concentrated product was
purified by silica gel flash column chromatography eluting with 5-75% ethyl acetate in hexanes
to yield tricycle 4.44 as a clear oil (25 mg, 55%)

Alternatively, tricycle 4.44 was prepared in a similar yield under thermal conditions by

dissolving allenyl acetate 4.20 (25 mg, 0.044 mmol) in toluene (4.4 mL) in a flame dry 10 mL
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flask equipped with a reflux condenser and heating to 110 °C in an oil bath for 2.5 h. The

solution was purified as described above by filtration through a plug of silica gel, concentration

by rotary evaporation, and silica gel flash column chromatography to yield the title compound

4.44 as a clear oil (14 mg, 56%).

Data for 4.44: (PAJ 7-40, 25 mg, 55%) (Thermal conditions, PAJ 7-58, 14 mg, 56%)

'"H NMR

3C NMR

HRMS

TLC

(500 MHz, CDCl3)

0 7.01 (t,J=3 Hz, 1H), 4.19 (d, /= 7.5 Hz, 1H), 3.29 (dd, /= 16.7 Hz, 3 Hz,
1H), 2.71 (t, J= 6.7 Hz, 1H), 2.50 (s, 3H), 2.43 (dd, J=16.7 Hz, 3 Hz), 2.33-2.22
(m, 1H), 2.13 (s, 3H), 2.03 (dd, /= 12.5 Hz, 7.5 Hz, 1H), 1.93 (dd, /= 13.5 Hz,
6.5 Hz, 1H), 1.56 (dt, J= 13 Hz, 6.5 Hz, 1H), 1.20 (s, 3H), 1.03 (s, 21H) ppm
(125 MHz, CDCl3)

0174.4,170.3,167.9, 129.2, 126.7, 105.4, 85.6, 59.9, 57.2, 51.6, 51.2, 38.5, 30.0,
28.4,25.5,21.2,20.8, 18.7 (6C), 11.2 (3C) ppm

(thin film)

2943, 2865, 2176, 1740, 1710, 1463, 1371, 1313, 1300, 1269, 1214, 1096 cm’!
TOF MS ES+ [M+H]: C24H24NOs

Calc: 458.2727 Found: 458.2730

Rr=0.47 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
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[Rh(CO),Cl], (10 mol%)
PPhs (30 mol%)
AgBF,4 (22 mol%)

\

DCE, CO (g, 50 °C, 1h

s1, 58%° : 4.44, 13%

(E*)-5-((2S*,3S*)-1-Acetyl-4-methylene-5-oxo-2-((triisopropylsilyl)ethynyl)pyrrolidin-3-yl)-

3-methylpent-2-enal (S1):

Data for S1: (PAJ 7-56, 32-34, Major isomer, 14 mg, 39%)

'"H NMR (500 MHz, CDCl5)
09.98 (d,J=8 Hz, 1H), 6.35 (d, /=2 Hz, 1H), 5.87 (d, J=8 Hz, 1H), 5.61 (d, J
= 1.6 Hz, 1H), 4.63 (d, /= 2.4 Hz, 1H), 2.96 (dt, /= 7.6 Hz, 2 Hz, 1H), 2.57 (s,
3H), 2.35-2.30 (m, 1H), 2.17 (d, J= 1.2 Hz, 3H), 1.78-1.71 (m, 2H), 1.01 (s, 21H)
ppm

BC NMR (125 MHz, CDCls)
0 191.0,170.7, 166.1, 161.4, 142.4, 127.8, 122.7, 104.9, 86.0, 51.1, 44.1, 37.1,
32.5,25.3,18.6,17.9,11.1 ppm

IR (thin film)
3406, 2943, 2865, 1736, 1707, 1674, 1463, 1372, 1288, 1160, 1110 cm’*

HRMS TOF MS ES+ [M+H]: C24H24NOs

Calc: 416.2616 Found: 416.2608
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TLC

Rr=0.27 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]

Data for S1: (PAJ 7-56, 30-31, Minor isomer, 7 mg, 19%)

'"H NMR

3C NMR

HRMS

TLC

(500 MHz, CDCl3)

0991 (d,J=7.6 Hz, 1H), 6.37 (d,J=2 Hz, 1H), 5.92 (d, /= 7.6 Hz, 1H), 5.63
(d,J=1.6 Hz, 1H), 4.67 (d, /=2 Hz, 1H), 3.03-2.99 (m, 1H), 2.68 (t, /= 8.2 Hz,
2H), 2.58 (s, 3H), 1.98 (d, /= 1.2 Hz, 3H), 1.85-1.68 (m, 2H), 1.01 (s, 21H) ppm
(125 MHz, CDCl3)

3 190.0, 170.6, 166.0, 161.7, 142.3, 128.7, 122.8, 104.8, 86.1, 51.1, 44.6, 34.1,
29.8,25.4,25.2,18.6 (6C), 11.1 (3C) ppm

(thin film)

2943, 2865, 2177, 1735, 1707, 1673, 1463, 1349, 1290cm™!

TOF MS ES+ [M+H]: C24H24NOs

Calc: 416.2616 Found: 416.2605

Rr=0.34 (50% EtOAc/hexanes) [silica gel, UV, p-anisaldehyde]
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APPENDIX B

'"H AND BC NMR SPECTRA
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