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Abstract

Part A.The development of asymmetric allene/enone and allene/enoate
intramolecular [2+2]-photocycloadditions is described. Irradiation of optically active
allenes (89-92% ee) appended to enones and enoates afforded alkylidenecyclobutane
photoadducts with high levels of asymmetric induction (83-100%) derived exclusively
from the allene fragment. Substrates examined include allenyl alcohols appended to 1,3-
cyclopentanedione, 1,3-cyclohexanedione, and 4-hydroxycoumarin. The absolute sense of
induction in these reactions was determined by photocycloaddition of an allene containing
an internal stereochemical label. The exo-methylenecyclobutanes obtained upon irradiation
of allene-coumarins were isolated as single olefin diastereomers. A model for the high
levels of enantioinduction observed in these transformations is presented.

The asymmetric intramolecular allene/enoate [2+2]-photocycloaddition was applied
to the synthesis of the topoisomerase I inhibitor chebulagic acid. The synthetic utility of
this reaction was demonstrated by the preparation of an advanced intermediate containing
all of the stereochemical information present in the chebulic acid fragment of chebulagic
acid. In the course of these synthetic studies an unusual &-alkynyl lactone photoproduct
was obtained upon photocyloaddition of a substrate that was expected to afford a [7.6.6.4]-
tetracyclic system. A 1,5-hydrogen shift in a biradical intermediate was implicated in the
formation of this product by isotopic labeling studies; the mechanistic implications of these
results for enantioselectivity in photochemical reactions of optically active allenes tethered

to enones and enoates are discussed.
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Part B. The DNA recognition properties of peptide conjugates of
phenenthrenequinone diimine complexes of rhodium(IIl) have been studied. The structural
and thermodynamic basis for the 5'-CCA-3'-selectivity of the metallointercalator-peptide
conjugate [Rh(phi),(phen')]**~-AANVAIAAWERAA-CONH, was investigated. A protocol
for measuring dissociation constants of DNA cleaving ligands by cleavage titration is
described. Using this protocol, the energetic contribution of the peptide to sequence-
selective binding was assessed, and evidence for the origin of the enhanced sequence-
selectivity observed at elevated temperature was obtained. Micromolar quantities of [A-
Rh(phi),(phen)]**~-AANVAIAAWERAA-CONH, were synthesized to examine the
structure of the metallointercalator-peptide conjugate and the metallointercalator-peptide
conjugateeDNA complex by NMR. NMR results for the metallointercalator-peptide
conjugate in the absence of DNA are reported.

A family of peptide conjugates of [Rh(phi)z(phen')]3+ (phi = 9,10-
phenanthrenequinone diimine, phen' = 5-(amidoglutaryl)-1,10-phenanthroline) was also
synthesized. The peptide sequences were obtained by single amino acid modification of the
5'-CCA-3'-selective metallointercalator-peptide conjugate [Rh(phi),(phen")]**-
AANVAIAAWERAA-CONH, to explore the correlation between the amino acid sequence
of the peptide and the nucleotide sequence of the DNA target. Changing the position of the
glutamate at position 10 in the sequence of the appended peptide resulted in the
identification of a 5-ACA-3'-selective  metallointercalator-peptide ~ conjugate,
[Rh(phi),(phen)]**~-AANVAEAAWARAA-CONH,. Locating the glutamate on one face of
a putative o-helix was found to be essential for sequence specificity; peptide conjugates
with the glutamate at positions 7, 8, 12, and 13 did not afford sequence-selective DNA
recognition. Further amino acid substitutions were made at positions 6 and 10. Mutating
the glutamate at position 6 to arginine caused complex changes in the recognition

characteristics of the resulting conjugate. To probe the interactions that give rise to
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sequence specificity, we have measured thermodynamic dissociation constants for these
sequence-selective metallointercalator-peptide conjugates and [Rh(phi),(phen')]*".

The observed sequence preferences are consistent with the model of Sardesai et al.
for the sequence selectivity of Rh(phi),(phen)]**~-AANVAIAAWERAA-CONH,. This
model states that sequence-specific DNA recognition requires the peptide to adopt an -
helical conformation, and that Glu'® makes a critical base-specific contact with the 5’-
terminal cytosine of the recognition sequence. Using the additional sequence-selectivity
data, this model is refined. This refined model suggests that recognition of the central C°G
base pair of the 5-CCA-3’ recognition sequence of [Rh]-E10 is accomplished by Ile®
through shape-selection, and that recognition of the 5’-terminal AeT base pair of the 5’-
ACA-3’ recognition sequence of [Rh]-E6 is accomplished by van der Waals contacts
between alanine and thymine methyl groups. The implications of these results for the de

novo design of sequence-selective DNA binding peptides are discussed.
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Chapter 1: Introduction

1.1. Part A: Studies directed toward the total synthesis of chebulagic acid

1.1.1. Biological activity of chebulagic acid. DNA topoisomerases alter
the linking number of supercoiled DNA, a reaction that is crucial to a number of cellular
processes including replication, transcription, and recombination."* Type I topoisomerases
transiently break and religate a single strand of DNA, while type II topoisomerases
transiently break and religate both strands of DNA. Inhibitors of DNA topoisomerases are
potential tools for studying the mechanism by which these enzymes catalyze strand
passage.’  Several topoisomerase inhibitors have antitumor activity," including the
chemotherapeutic agent camptothecin.’

In 1992 Berry et al. reported that bioassay-guided fractionation of methanol extracts
of Erodium stephanium had identified the known ellagitannin natural product chebulagic
acid (1, Figure 1.1) as the most potent known inhibitor of topoisomerase I mediated DNA
relaxation.® The topoisomerase-catalyzed relaxation of supercoiled DNA proceeds through
the open circular form to the relaxed form. Camptothecin inhibits conversion of open
circular DNA to relaxed DNA by both topoisomerase I and topoisomerase I1.° In contrast,

chebulagic acid inhibits both the conversion of supercoiled DNA to open circular DNA and

Chebulagic Acid (1) Chebulic Acid (2)

Figure 1.1. Ellagitannin synthesis targets: chebulagic acid (1); chebulic acid (2).
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the conversion of open circular DNA to relaxed DNA by topoisomerase I. Unlike
camptothecin, chebulagic acid has no effect on the gel mobility of the DNA. Chebulagic
acid is a significantly more potent inhibitor of type I topoisomerases than type II
topoisomerases. These results suggest that, unlike camptothecin, chebulagic acid acts by

binding to topoisomerase I rather than by stabilizing a covalent enzyme*DNA complex.

1.1.2. Structure of and synthetic approach to chebulagic acid.
Chebulagic acid, first isolated from the dried fruits of Terminalia chebula,’ is a member of
the ellagitannin class of natural products. Chebulagic acid contains a highly acylated
glucose core locked in a 'C, conformation by dicarboxylate substituents at C2-C4 and C3-
C5. The C2-C4 component is found in two tautomeric forms; the tautomer chebulic acid
(2, Figure 1.1) is also found in Terminalia chebula extracts. The chebulic acid component
of these natural products is highly oxygenated and contains a synthetically challenging
array of three contiguous stereocenters. Because of the potent biological activity of
ellagitannin natural products, the synthetic challenges posed by the chebulic acid subunit,
and the unusual molecular architecture of chebulagic acid, it is an attractive target for total
synthesis.

We have chosen to establish the contiguous stereocenters of chebulic acid using
olefin-enone and olefin-enoate photocycloaddition chemistry. These reactions provide

access to complex carbocyclic structures with the desired anti stereochemistry at C4 and C5

o~ 0O OH

Figure 1.2. Synthetic plan for the establishment of the correct relative stereochemistry at

C4 and CS of chebulic acid using [2+2]-photocycloadditions.
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(Figure 1.2). Elaboration of the cyclobutane product of the photocycloaddition reaction via
ring expansion was expected to lead to 2.* However, prior to this study there was no
reliable method for controlling or predicting the absolute sense of stereochemical induction
in such cyclizations. Therefore, in order to prepare chebulic acid in enantiomerically pure
form, the development of an asymmetric variant of this reaction was necessitated.

Part A of this thesis describes studies directed toward the total synthesis of
chebulagic acid. 1,3-Disubstituted allenes were investigated as sources of asymmetry in
intramolecular [2+2]-photocycloadditions. The development of an asymmetric variant of
the [2+2]-photocycloaddition reaction of olefins with enones and enoates that addresses the
complex stereochemical challenge posed by the chebulic acid subunit of chebulagic acid is
described in Chapter 2.”'° This chemistry was applied to the synthesis of the chebulic acid
subunit of chebulagic acid. The preparation of an advanced intermediate containing the
three stereocenters of the target in the correct relative and absolute configuration,
demonstrating the synthetic utility of the asymmetric [2+2]-photocycloaddition reaction of

olefins with enones and enoates, is described in Chapter 3."

1.2. Part B: DNA recognition by metallointercalator-peptide conjugates
1.2.1. DNA recognition by proteins. A myriad of biological processes are
mediated by noncovalent interactions such as hydrogen bonding, electrostatic and van der
Waals contacts, and stacking interactions.'*> Although the individual energies of these weak
interactions are comparable to thermal energies, the additive free energy of multiple weak
interactions can lead to a stabilization of >5 kcalemol” for the formation of preferred
complexes.'” Consequently, specificities of greater than 4 orders of magnitude can be
achieved."”> Among other functions, these interactions determine the stability of the folded
states of proteins and nucleic acids, and mediate important events of molecular recognition

such as protein—nucleic acid recognition, enzyme—substrate recognition and receptor—ligand
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binding. Part B of this thesis focuses on interactions that determine specificity in protein-
DNA recognition.

Nucleic acid binding proteins play important roles in the fundamental cellular
processes of transcription, translation, and repair. Transcription factors comprise one of
the most diverse classes of DNA-binding proteins. Understanding the DNA-binding
properties of these proteins is important for understanding how genetic information is
processed and utilized. The first reported three-dimensional structures of transcription
factors were the A Cro protein, the E. Coli CAP protein, and the DNA binding domain of
the A repressor.'* Since that time a wealth of high-resolution structural data has appeared.
Nature has devised many solutions to the problem of sequence-selective DNA binding.
However, despite the structural variety of these proteins a number of common folds have

been identified; examples include the helix-turn-helix,'”>  helix-loop-helix,"®

8 9

homeodomain,'” basic region-leucine zipper,'® zinc finger,'” and B-ribbon motifs.”* A
common feature of all of these protein classes is the presence of a "recognition element"
that makes base-specific contacts with the DNA target while the remainder of the protein
provides nonspecific DNA affinity and orients the recognition element relative to the DNA.
Although the o-helix is the most common recognition element, antiparallel 3-sheet DNA

binding proteins are known. With one exception,”

all of the transcription factors
characterized to date bind to DNA as dimers or linked multimers, and control over the
aggregation state of the protein is an important regulatory pathway.>*

Analysis of three-dimensional structures of protein-DNA complexes has identified a
wealth of interactions that contribute to overall affinity and sequence specificity. Sequence
specificity is attained through shape complementarity (indirect readout) as well as through
the formation of base-specific hydrogen bonds and van der Waals contacts (direct readout).

In general base-specific contacts are made by amino acid side chains in the major groove,

perhaps because the major groove is wide enough to accommodate the protein secondary
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structural elements used for recognition and because the major groove edge of the base
pairs presents a more diverse array of functionality. However, DNA binding proteins that
make base-specific contacts in the minor groove are known.”*

The importance of shape complementarity may be realized by considering the
thermodynamics of complex formation. The free energy change (AG) of complex
formation is a combination of enthalpic (AH) and entropic (TAS) contributions. Enthalpic
stabilization is achieved through short-range noncovalent interactions. There is an entropic
penalty for complex formation associated with the reduction in dynamic fluctuations at the
interface. However, release of ordered water molecules on the interacting surfaces of the
protein and the nucleic acid target can provide compensation. A recent elegant example of
this effect was reported for glucocorticoid receptor binding to two idealized response
elements that differed by one base pair.** Binding to the response element containing C*G
at the variable site was enthalpically favored but entropically disfavored over binding to the
response element containing A°T at the variable site. The authors postulated that the
entropic penalty for removal of the thymine methyl group was due to a cavity at the
interface that is filled by an immobilized water molecule.

Both the enthalpic and entropic driving forces for complex formation are maximized
when the three-dimensional surface of the protein is highly complementary to the DNA
target. Not surprisingly, essentially all of the protein-DNA complexes that have been
crystallographically characterized to date have a remarkably high level of shape
complementarity (Figure 1.3). Some proteins bend their DNA targets and in doing so
create a larger contact interface; consequently, the inherently greater flexibility of some
DNA sequences provides an additional means of discriminating among otherwise related

binding sites.



Figure 1.3. Shape complementarity in the 434 repressor dimer—operator complex.>> The
protein has been separated from the DNA slightly to illustrate the complementary nature of

the binding surfaces.
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Table 1.1. Base-specific contacts by amino acids in crystal structures of selected

transcription factor-DNA complexes.**®

A T C G
Arg CAP GR; Trp; Zif;
CAP; Arc; Gli
Asn en; GATA Arc Arc A
Asp Gli
Gln A; 434; Arc 434 434
Glu CAP
Gly A; Gr
His Zif
Ile en
Lys GR; A; MetJ; Gli
Ser Gli A; Gli
Thr Met]

“CAP, E. Coli CAP protein; en, Drosophila engrailed homeodomain; A, A-repressor; 434, 434
repressor; GR, glucocorticoid repressor; Met], E. Coli Met] repressor; Trp, E. Coli Trp repressor; Zif,
Zif268 zinc fingers; Arc, P,, Arc repressor; Gli, human GLI oncogene zinc fingers; GATA-1, erythroid-

specific transcription factor GATA-1.

Paradoxically, increases in our knowledge of the structural details of protein-DNA
interaction have raised additional questions about how the amino acid sequence of the
protein determines the nucleotide sequence of the target. There is no universal code that
correlates the amino acid sequence of a DNA recognition domain with the nucleotide
sequences that are recognized. Multiple amino acid residues are capable of recognizing a
given base and multiple bases may be recognized by a given amino acid (Table 1.1).
However, there are some common themes. Arginine and glutamine possess long side
chains and are capable of making bidentate hydrogen bonds to individual bases. Van der

Waals contacts between the thymine methyl group and the hydrophobic amino acid side
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chains of Ala, Val, Leu, Ile, Ser, Thr, and Gln and the backbone methylene of Gly are
known. Although base-specific hydrogen bonds usually predominate, recent examples
have demonstrated that high specificity may also be achieved with mostly hydrophobic

contacts.?’

1.2.2, Engineering proteins with altered sequence selectivity.
Significant research effort has been devoted to correlating alterations in the amino acid
sequence of sequence-specific DNA binding proteins with alterations in the nucleotide
sequence of the target. The "helix-swap" experiment of Wharton and Ptashne first
demonstrated that the sequence selectivity of a DNA binding protein could be altered by
mutation of amino acids in the recognition element.”® Mutation of four amino acids in the
DNA binding domain of the 434 repressor to residues found in the DNA binding domain of
the structurally similar P,, repressor® conferred P,, repressor site selectivity on the 434
Iepressor.

More recently, zinc finger proteins have been the subject of similar studies. Zinc
fingers contain a repeating motif of 30 amino acids containing two strictly conserved
cysteine residues in the N-terminal region and two strictly conserved histidine residues in
the C-terminal region.’*® The N-terminal region forms a B-sheet while the C-terminal region
forms an o-helix folded around a zinc ion coordinated by the two cysteines and the two
histidines.”’ Unlike other DNA binding proteins, which contain separate dimerization and
recognition domains, zinc fingers proteins contain multiple, covalently linked zinc fingers
and recognize DNA in a modular way.**> Although there are at least ten structurally distinct
families of zinc finger proteins, within a given family base-specific contacts are made by
amino acids at highly predictable positions.*®

Several groups have sought to develop rules relating the amino acid sequences of

zinc finger proteins with their DNA targets. By systematically varying the amino acid
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sequence at two of the three contact positions of the central zinc finger of Spl, Desjarlais
and Berg achieved recognition of sequences of the type 5°-GGGGN(G or T)GGG-3’.2*
From the correlation between the amino acid sequence of zinc fingers and the nucleotide
sequences of the targets, a designed three-zinc-finger protein that targeted a specific DNA
site with nanomolar affinity was developed. Additionally, Klug and coworkers used phage
display methods to select zinc fingers derived from Zif268 that bound to specific DNA
triplets,> and engineered a three-zinc-finger protein that bound to a specific fusion
oncogene.’® In contrast, rational modifications of the amino acid sequence of the zinc
finger Krox-20 led to altered nucleotide selectivity not only at the positions contacted but
also at adjacent positions.”” Similar results were observed in mutants of the Sp1** and
Adr1*® zinc finger proteins. These results suggest that no simple set of rules exists for the
prediction of the target sequence of a given DNA binding domain or the prediction of an

amino acid sequence that will bind to a given DNA target.

1.2.3. DNA recognition by peptides. An alternative approach to studying
protein-DNA recognition is to study the DNA binding properties of peptides corresponding
to recognition domains of transcription factors. Although peptides corresponding to the
recognition elements of DNA binding proteins generally lack sufficient nonspecific DNA
affinity to afford sequence selective binding as monomers, examples of sequence selective
DNA recognition by both covalent*® and noncovalent*' dimers of such peptides have been
reported. In contrast to mutagenesis experiments with intact proteins, this approach
permits factors beyond the amino acid sequence of the peptide, such as the relative
orientation of DNA binding domains and the sequence specificity of appended DNA-
binding small molecules, to be varied. However, in the absence of the full protein, control
over the secondary and tertiary structure of the peptide containing the recognition elements

can be problematic.
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Both Schepartz and Kim have explored DNA recognition by dimeric peptides
derived from the yeast transcription factor GCN4. GCN4 is a member of the bZIP family
of DNA binding proteins, which share a common fold but differ in their ability to
differentiate operator sequences that differ in half-site spacing.> Cuenoud and Schepartz
found that a dimer of a 29-mer peptide consisting of the DNA binding domain of GCN4
recognized the GCN4 response element (GCRE) with a dissociation constant of 1.3 x 107
M as measured by gel mobility shift assay. Using iron(II) bis-terpyridyl complexes as
dimerization domains, the relative orientation and spacing of the two DNA binding domains
was systematically altered. Increasing the spacing or changing the angle between the
domains caused changes of up to 4 kcalemol™ in the stability of the GCREepeptide dimer
complexes.’ Talanian et al. studied the effects of truncating the amino acid sequence of
the DNA binding domain. Remarkably, dimers of peptides as short as 20 residues were
identified that bound with similar sequence selectivity as the intact protein.*"*
In an alternate approach for attaining the requisite nonspecific affinity for DNA, the
Barton group has explored DNA recognition by oligopeptides tethered to
phenanthrenequinone diimine (phi) complexes of rhodium(IIl).*” The parent rhodium
complexes bind with high nonspecific affinity by intercalation from the major groove (K, <
10° M) and cleave DNA by abstraction of the ribose 3'-hydrogen upon photoactivation.**
Tethering oligopeptides derived from the recognition domains of the zinc finger proteins
Spl and Adrl and the 434 repressor, a helix-turn-helix protein, conferred the part of the
sequence selectivity of the parent proteins on the relatively sequence neutral
metallointercalator.  In contradistinction, tethering oligopeptides derived from the
recognition domain of the P,, repressor resulted in recognition of the nonnatural site 5'-
CCA-3'.
Part B of this thesis describes further investigations of DNA recognition by

metallointercalator-peptide conjugates. These investigations were undertaken to explore the
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diversity of sequence selectivity that could be achieved by single amino acid modification of
the 5'-CCA-3' sequence selective metallointercalator-peptide conjugate [Rh(phi)z(phen')]3+—
AANVAIAAWERAA-CONH,, and to refine the model for sequence selective DNA
recognition by the parent metallointercalator-peptide conjugate. The thermodynamic and
structural basis of metallointercalator-peptide conjugate sequence selectivity is explored in
Chapter 4. Modifications of the amino acid sequence of the peptide are described in
Chapter 5. Systemic variation in the position of a critical glutamate residue led to the
identification of new sequence-selective metallointercalator-peptide conjugate and the
prediction of an additional residue of [Rh(phi),(phen')]**~AANVAIAAWERAA-CONH,
that makes base-specific contacts. Confirmation of that prediction was obtained by making
further sequence changes at that position; these changes led to additional sequence

selectivity.
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Chapter 2: Studies Directed Toward the Total Synthesis of Chebulagic Acid
I: The Asymmetric Intramolecular [2+2]-Photocycloaddition of Allenes with

Enones and Enoates!

2.1. Introduction

2.1.1. Introduction. The intramolecular photocycloaddition of olefins with
cyclic enones and enoates is a powerful reaction that renders complex, fused polycyclic
frameworks readily accessible.> The conformational, steric, and stereoelectronic
constraints that accompany ring formation allow control over the relative stereochemistry
about the newly formed rings. Chiral centers adjacent to the reacting enones and enoates’
and in the tether* have been used to control enone and olefin diastereofacial selectivity in
these reactions. However, the diastereoselectivity of these photocycloadditions is highly
substrate dependent and the diastereocontrolling center required in the photosubstrate may
not be present in the synthetic target. In principle, the intramolecular [2+42]-
photocycloaddition of optically active 1,3-disubstituted allenes with enones and enoates
would provide a general method for the enantioselective synthesis of these systems. The
exo-alkylidenecyclobutane adducts and the cyclobutanones® derived by oxidative cleavage
of the exocyclic olefin of the photoproducts (Scheme 2.1) provide access to a wide variety

of structures that are not otherwise readily accessible by synthesis. Together, asymmetric

Scheme 2.1. Synthetic equivalence of asymmetric [2+2]-photocycloaddition-exocyclic

olefin oxidative cleavage and asymmetric ketene-enone cycloaddition.

L
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[2+2]-photocycloaddition and oxidative cleavage of the exocyclic olefin of the
photoproduct represent the synthetic equivalent of an asymmetric ketene-enone

cycloaddition.

2.1.2. Mechanistic aspects of photocycloadditions. The
photocycloaddition of olefins and enones is generally accepted to proceed via an enone
triplet that results from rapid intersystem crossing of the excited state singlet formed upon
irradiation. Olefin trapping by CB(¢) leads to biradical intermediate 1 (Scheme 2.2).
Rotation of the C2'-C3' bond within the lifetime of 1 leads to a loss of olefin geometry.
Intermediate 1 then partitions between collapse to cyclobutane products and collapse to
starting material.® In principle, this mechanism provides a pathway for racemization of the
allene substrate in an asymmetric [2+2]-photocycloaddition through successive addition,
rotation, and reversion steps, leading to products of diminished enantiopurity.

Corey has demonstrated that when cyclohexenone is irradiated in the presence of
either cis- or trans-2-butene, the same 1:1 mixture of diastereomeric cyclobutanes 2 and 3
is formed (Scheme 2.2).” Interruption of either reaction at partial completion indicated that
less than 1% of the unreacted 2-butene had undergone cis-trans isomerization. Becker has
demonstrated that initial bond formation in intramolecular  alkene-enone
photocycloadditions also occurs at CP(®).® Together, these results suggest that systems
may be designed where reversion of biradical intermediates similar to 1 to starting material

does not compete with collapse to products, and that allene and enone diastereofacial

Scheme 2.2. Mechanism of enone-olefin photocycloadditions.

0 (0] (0] (0]
Me Me Me
Me/\/Me . R
or 2' i
Me” — “Me Me Me Me

1 2 3



I
selectivity obtained in the initial C-C bond forming step may be preserved in the

photoadducts.

2.1.3. Previous investigations of asymmetric photocycloadditions.
The enantioselective intramolecular photocycloaddition of 1,3-disubstituted allenes with
enones and enoates has not been extensively investigated. In an isolated report Becker has
documented the examples shown in Equations 2.1 and 2.2.° Irradiation of partially
optically enriched 4 afforded olefin diastereomers 5 and 6. Camphor-derived allene 7,
which was obtained as a mixture of allene diastereomers, afforded isomers 8 and 9 upon
irradiation.  Neither the levels of enantiomeric purity nor the relative nor absolute
configuration of the photoproducts were determined. In addition, the optical purity of 4
was not known. Therefore, no conclusions regarding the feasibility of an enantioselective
allene-enone [2+2]-photocycloaddition could be reached. Prior to this investigation, such a
transformation had not been demonstrated.'®

This chapter describes investigations aimed at demonstrating the feasibility and
determining the scope and limitations of asymmetric intramolecular [2+42]-

photocycloadditions of allenes with enones and enoates. The observation of asymmetric

H, Bu 5 By &
o C Y Bu
l . # (2.1)
4 5 6
Me
Me [e] (0]
Me
o ¢ / / \"Me (2:2)
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induction in intramolecular photocycloadditions of optically active 1,3-disubstituted allenes
with enones and enoates is documented. The substrates examined in this study include
allenes appended 1,3-cyclopentanedione, 1,3-cyclohexanedione, and 4-hydroxycoumarin.
While photocycloaddition of the 1,3-cyclopentanedione and 1,3-cyclohexanedione derived
substrates afforded mixtures of olefin diastereomers, photocycloaddition of the 4-
hydroxycoumarin derived substrates afforded only one of the two possible olefin
diastereomers. High levels of asymmetric induction (83-100%) were observed in all cases,
establishing the viability of the asymmetric intramolecular [2+2]-photocycloaddition as a
key transformation in synthetic schemes directed at the preparation of ellagitannin natural
products in enantiomerically pure form. Finally, this chapter describes the establishment of
the relative stereochemistry of the photoproducts through a combination of '"H NMR NOE
and x-ray crystallographic studies and the establishment of the absolute stereochemistry of
the photoproducts through a photocycloaddition of an allene-enoate substrate containing an

internal stereochemical label.

2.2. Experimental.

General procedures: All reagents were commercially obtained except where
noted. When appropriate, reagents were purified prior to use. All non-aqueous reactions
were performed using oven dried glassware under an atmosphere of dry nitrogen.

Photoreactions were performed in Pyrex flasks (A, = 293 nm) using a Hanovia 450 W

cutoff
Hg medium pressure UV lamp in a water cooled quartz immersion apparatus as the light
source. Diethyl ether and tetrahydrofuran were distilled from sodium benzophenone ketyl
prior to use. N,N-diisopropylethylamine, triethylamine, dichloromethane, and pyridine
were distilled from calcium hydride prior to use. N,N-dimethylformamide was stood over

4 A molecular sieves prior to use. Methanol was distilled from magnesium methoxide prior

to use. Spectroscopy grade cyclohexane was used in photoreactions. Chromatographic
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purification of products was accomplished using forced flow chromatography on Baker
7024-R silica gel according to the method of Still.'"' NMR spectra were recorded on a
Bruker AM-500 operating at 500 and 126 MHz for 'H and "’C, respectively, a JEOL
GSX-400 operating at 400 and 100 MHz for 'H and "*C, respectively, or a General Electric
QE Plus operating at 300 and 75 MHz for 'H and "*C, respectively, and are referenced to
internal solvent signals. Data for 'H are reported as follows: chemical shift (§ ppm),
integration, multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quartet, qn = quintet, m =
multiplet), coupling constant (Hz), and assignment. 'H NMR NOE difference spectra were
recorded on degassed samples and were quantitated by integrating the difference spectra.
The phase sensitive NOESY spectrum was recorded at 300 MHz on a degassed sample
using the TPPI technique with a mixing time of 0.5 sec, a recycle delay of 2.0 sec, F2 and
F1 spectral widths of 2717 Hz, and an initial matrix size of 256 x 1024 points which was
transformed into a 512 x 512 matrix after symmetrization. IR spectra were recorded on a
Perkin-Elmer 1600 Series spectrometer. Optical rotations were determined on a JASCO
DIP-181 polarimeter operating at the sodium D line and are reported as follows: [o] %,
concentration (g/100 mL), and solvent. High resolution mass spectrometry was performed

by the Midwest Center for Mass Spectrometry at the University of Nebraska.

1

HO"™>"0TBS
47

47: Triethylamine (7.37 mL, 53.1 mmol, 2.0 equiv), TBSCI (4.00 g, 26.6 mmol, 1.0
equiv), and 4-DMAP (324 mg, 2.65 mmol, 0.1 equiv) were added successively to a
solution of 10.10 g (132.7 mmol, 5.0 equiv) 1,3-propandiol in 100 mL 1:1 DMF-CH,CI,.
The reaction mixture was stirred for 2 h at 23 °C, poured into 150 mL 1.0 M aqueous
KH,PO,, and extracted with 300 mL Et,O. The organic layer was washed with 2 x 50 mL
saturated aqueous NaCl, dried over anhydrous MgSO,, and concentrated in vacuo. The

residue was purified by chromatography on silica gel (40 x 150 mm, 4:1 hexanes—EtOAc,
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R, 0.27) to afford 4.91 g (97%) of 47 as a clear, colorless oil. "H NMR (500 MHz,
CDCL) o 3.83 (2H, f, J = 5.6 He, C3H,), 3.80(2H, ¢, J =35 Hz, C1H.}, 254 (1H, t, J
= 5.3 Hz, OH), 1.78 (2H, qn, J = 5.6 Hz, C2H,), 0.90 (9H, s, SiC(CH,);), 0.07 (6H, s,
Si(CH,),) ppm; "C NMR (126 MHz, CDCL,) & 62.8, 62.4, 34.3, 25.9, 18.2, -5.5 ppmy;
IR (thin film) v 3359, 2953, 2858, 1743, 1469, 1388, 1361, 1254, 1092, 1008, 963, 836,
777, 736, 662 cm™.

0]

HJ\/\OTBS

15

HO>"0TBS

15: Celite (13.0 g), powdered 4 A molecular sieves (13.0 g), and PDC (26.1 g, 69.5
mmol, 3.0 equiv) were added successively to a solution of 4.21 g (23.1 mmol, 1.0 equiv)
of 47 in 100 mL CH,Cl,. The resulting slurry was stirred for 1 h at 23 °C and filtered
through a pad (2 x 5 cm) of silica gel. The pad was washed with 3 x 100 mL Et,0. The
filtrate was concentrated in vacuo and the residue was purified by chromatography on silica
gel (40 x 150 mm, 1.5:1 hexanes—CH,Cl,, R, 0.22) to afford 2.90 g (66%) of 15 as a
clear, colorless oil. 'H NMR (500 MHz, CDCL)69.80 (1H, t, J=2.1 Hz, CLH), 3.99
(2H, t, J = 6.0 Hz, C3H,), 2.60 (2H, dt, J = 6.0, 2.1 Hz, C2H,), 0.88 (9H, s,
SiC(CH,),), 0.07 (6H, s, Si(CH,),) ppm; "C NMR (126 MHz, CDCl,) & 201.9, 57.4,
46.5,25.8, 18.2, -5.5 ppm; IR (thin film) v 2929, 2858, 2725, 1727, 1654, 1466, 1388,
1255, 1102, 969, 836, 777 cm™.

(£)-16: A 1.7 M solution of ‘BuLi in n-pentane (10.2 mL, 17.3 mmol, 1.3 equiv) was
added dropwise to a solution of 2.45 mL (19.9 mmol, 1.5 equiv) fert-butylacetylene in 100
mL Et,O at -78 °C. The resulting solution was stirred for 2 h, and a solution of 15 in 10
mL Et,0 was added dropwise. The reaction mixture was stirred at -78 °C for 1 h and

allowed to warm to 23 °C thereafter. When warming was complete the reaction mixture
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was poured into 100 mL 1.0 M aqueous KH,PO,. The aqueous layer was extracted with
an additional 100 mL Et,0O, and the combined organic layers were washed with saturated
aqueous NaCl, dried over anhydrous Na,SO,, and concentrated in vacuo. The residue was
purified by chromatography on silica gel (30 x 150 mm, 10:1 hexanes-EtOAc, R, 0.29) to
afford 2.59 g (72%) of (£)-16 as a clear, colorless oil. 'H NMR (500 MHz, CDCL,) &
4.59 (1H, td, J = 6.2, 4.3 Hz, C3H), 4.02 (1H, ddd, J = 10.7, 7.7, 4.1 Hz, one of
C1H,)), 3.81 (1H, ddd, J = 10.9, 7.5, 5.8 Hz, one of C1H,), 3.19 (1H, d, J = 6.0 Hz,
OH), 1.98-1.92 (1H, m, one of C2H,), 1.86-1.80 (1H, m, one of C2H,), 1.22 (9H, s,
C6(CH,),), 0.91 (9H, s, SiC(CH,),), 0.09 (3H, s, one of Si(CH,),), 0.08 (3H, s, one of
Si(CH,),) ppm; “C NMR (126 MHz, CDCL,) § 93.7, 79.1, 62.0, 61.2, 39.2, 31.0, 27.3,
25.9, 18.2, -5.52, -5.54 ppm; IR (thin film) v 3407, 2956, 2930, 2859, 2235, 1470,
1390, 1326, 1257, 1204, 1097, 1021, 943, 834, 777, 733, 664 cm’".

OH 0]

TBSOANBU TBSO g % .
17: Dess-Martin periodinane (12.7 g, 29.9 mmol, 1.5 equiv), prepared according the
literature procedure,'” was added to a solution of 5.30 g (19.6 mmol, 1.0 equiv) of (+)-16
in 100 mL CH,Cl,. The reaction mixture was stirred for 15 min at 23 °C and 300 mL Et,O
was added. The precipitates were removed by filtration through Celite and the filtrate was
concentrated in vacuo. The residue was purified by chromatography on silica gel (30 x 100
mm, 10:1 hexanes-EtOAc, R,0.32) to afford 4.75 g (90%) of 64 as a clear, colorless oil.
'H NMR (500 MHz, CDCL,) 4 3.96 2H, t, J = 6.4 Hz, C1H,), 2.73 (2H, t, J = 6.4 Hz,
C2H,), 1.28 (9H, s, C6(CH,),), 0.88 (9H, s, SiC(CH,),), 0.06 (6H, s, Si(CH,),) ppm;
C NMR (126 MHz, CDCL,) 4 186.7, 101.8, 79.4, 58.7, 48.6, 30.1, 27.7, 25.8, 18.2,
-5.4 ppm; IR (thin film) v 2956, 2930, 2900, 2858, 2211, 1679, 1472, 1463, 1389, 1363,
1317, 1271, 1257, 1226, 1203, 1132, 1101, 1047, 1006, 984, 934, 897, 836, 811, 777,
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726, 681, 660 cm”. HRMS (EI) calculated for C,;H,,0,Si 268.1858, calculated for
C,H,;0,Si (M" - CH,) 253.1624, found 253.1620.

o} OH

1
TBSO/\)\tB TBSO K

u 16 Bu

16: Neat (+)-B-isopinocampheyl-9-borabicyclo[3.3.1]nonane (1.68 g, 6.49 mmol, 2.0
equiv) was added to 0.871 g (3.24 mmol, 1.0 equiv) neat 17, and the resulting yellow
solution was stirred at 23 °C for 7 h. Et,0 (100 mL) and 6 M aqueous NaOH (100 mL)
were added successively. The layers were separated and the aqueous layer was extracted
with 2 x 50 mL Et,0. The combined organic layers were washed with 50 mL 1.0 M
aqueous KH,PO, and 50 mL saturated aqueous NaCl, dried over anhydrous Na,SO, and
concentrated in vacuo. The residue was purified by chromatography on silica gel (30 x 150
mm, 10:1 hexanes—EtOAc, R, 0.29) to afford 0.816 g (93%) of 16 as a clear, slightly
yellow oil, spectroscopically and chromatographically identical to (+)-16 except for optical
rotation, [¢] 2D3 +17.6° (¢ = 1.87, CH,Cl,). A small portion was treated with 4-DMAP (5.0
equiv) and (R)-MTPACI (2.0 equiv) in CH,Cl,. Integration of the '"H NMR (500 MHz,
CDCl,) resonances of the derived (S)-MTPA ester at 6 1.22 (major, C6(CH,),) and & 1.18

(minor, C6(CH,),) ppm indicated a diastereomer ratio of 18.8:1.00 (90% ee).

OH NHNH,

TBSO/\)\ TBSO/\/\
B B

19
20: MsCl (258 pL, 3.33 mmol, 1.2 equiv) was added dropwise to a solution of 750 mg

u u

(2.77 mmol, 1.0 equiv) of 16 and 577 pL (4.16 mmol, 1.5 equiv) TEA in 20 mL CH,CIl,
at 0 °C at a rate such that the internal temperature was maintained below 5 °C. After stirring
for 0.5 h the reaction mixture was transferred via cannula into 13 mL 1:1 MeOH-H,NNH,,.
The resulting solution was stirred at 23 °C for 36 h and poured into 120 mL water. The

aqueous layer was extracted with 2 x 100 mL 95:5 CH,Cl,-MeOH. The organic layers
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were combined, washed with 50 mL saturated aqueous NaCl, dried over anhydrous

MgSO,, and concentrated in vacuo. The residue was used without further purification.

NHNH,

f
1 H, 4 Bu
i —C=X
Bu 20

The residue was dissolved in 66 mL 1:1 Et,O—CH,Cl, and cooled to 0 °C. PTAD (986 mg,
5.63 mmol, 2.0 equiv) was added in one portion. When gas evolution was complete 65
mL n-pentane was added and the reaction mixture was filtered through a pad (2 x 5 cm) of
silica gel. The pad was washed with 100 mL 4:1 n-pentane—CH,Cl, and the filtrate was
concentrated in vacuo. The residue was purified by chromatography on silica gel (20 x 80
mm, n-pentane, R, 0.33) to afford 503 mg (71%) of 20 as a clear, colorless oil. '"H NMR
(500 MHz, CDCL,) & 5.14 (1H, q, J = 6.6 Hz, C3H), 5.11-5.05 (1H, m, C5H), 3.67
(2H, t, J= 7.0 Hz, Cl1H,), 221 2H, dq, J = 7.0, 39 Hz, C2H,), 1.02 (9H, s,
C6(CH,),), 0.90 (9H, s, SiC(CH,),), 0.06 (s, 6H, Si(CH,),) ppm; "C NMR (126 MHz,
CDCl,) 6 201.7, 102.9, 89.1, 63.1, 32.9, 31.6, 30.2, 26.0, 18.4, -5.3 ppm; IR (thin
film) v 2960, 2901, 2859, 2738, 2710, 1962, 1472, 1462, 1408, 1387, 1361, 1327,
1254, 1206, 1191, 1103, 1006, 937, 873, 836, 811, 776, 736, 663 cm™; [a]% +21.8° (¢
= 4.59, CH,Cl,). HRMS (EI) calculated for C,;H,;OSi 254.2066, calculated for
C,,H,,0Si (M" - C4H,) 197.1362, found 197.1360. Integration of the 'H NMR (500
MHz, CDCl,) resonances at 8 0.08 (major) and & 0.06 (minor) ppm in the presence of 2.0
equiv Ag(fod) and 1.5 equiv (+)-Eu(hfc), indicated a diastereomer ratio of greater than 20:1

(>90% ee)."?

H., Bu 1 H, 4 Bu
TBSO NP0, HO A==,
21
21: A 1.0 M solution of TBAF in THF (2.34 mL, 2.34 mmol, 1.2 equiv) was added to a
solution of 495 mg (1.95 mmol, 1.0 equiv) of 20 in 8 mL. THF. The resulting solution

was stirred for 30 min at 23 °C and poured into 35 mL 1.0 M aqueous KH,PO,. The
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aqueous layer was extracted with 50 mL Et,0. The combined organic layers were washed
with 20 mL 1.0 M aqueous KH,PO,, dried over anhydrous Na,SO, and concentrated in
vacuo. The residue was purified by chromatography on silica gel (20 x 80 mm, 2:1 n-
pentane-Et,0, R;0.48) to afford 221 mg (80%) of 21 as a clear, colorless oil. "H NMR
(500 MHz, CDCl,) 6 5.20-5.16 (2H, m, C3H and C5H), 3.72 (1H, dt, J= 7.9, 6.0, 1.7
Hz, C1H,), 2.29-2.23 (2H, m, C2H,), 1.53 (1H, t, J = 6.0 Hz, OH), 1.04 (9H, s,
C6(CH,),) ppm; “C NMR (126 MHz, CDCl,) § 201.9, 103.7, 89.0, 62.1, 32.5, 31.7,
30.1 ppm; IR (thin film) v 3419, 2959, 2901, 2866, 1961, 1638, 1474, 1460, 1362,
1253, 1191, 1049, 874 cm™; [] & +74.1° (¢ = 1.43, CH,Cl,). HRMS (EI) calculated for
C9H,,0 140.1201, found 140.1205.

H, Bu
H Bu (0] C]rw
Ho/\)EC:(H — sijz\“j
il
12

12: 1,3-Cyclohexanedione (106 mg, 0.942 mmol, 1.2 equiv) and DEAD (182 pL, 1.15
mmol, 1.5 equiv) were added to a solution of 108 mg (0.770 mmol, 1.0 equiv) of 21 and
246 mg (1.15 mmol, 1.5 equiv) Ph,P in 8 mL THF, and the resulting orange solution was
stirred for 15 min at 23 °C. The reaction mixture was concentrated in vacuo and the residue
was purified by chromatography on silica gel (20 x 100 mm, 3:1 hexanes-EtOAc, R, 0.25)
to afford 101 mg (56%) of 12 as a clear, colorless oil. '"H NMR (500 MHz, CDCl,) &
5.34 (1H, s, C2H), 5.18-5.14 (2H, m, C3'H and C5'H), 3.91-3.87 (2H, m, C1'H,),
2.46-2.36 (4H, m, C4H, and C2'H,), 2.33 (2H, t, /= 6.4 Hz, C6'H,), 1.97 (2H, q, J =
6.4 Hz, C5H,), 1.01 (9H, s, C6'(CH,),) ppm; "C NMR (126 MHz, CDCl,) & 201.7,
199.7, 177.8, 104.2, 102.8, 88.2, 67.6, 36.8, 31.6, 30.1, 29.0, 28.2, 21.2 ppm; IR (thin
film) v 2956, 2900, 2867, 1961, 1653, 1604, 1460, 1428, 1395, 1365, 1327, 1219,



27
1181, 1135, 1058, 1009, 962, 928, 876, 826, 757 cm'; [a]% +33.9° (¢ = 0.414,
CH,Cl,). HRMS (EI) calculated for C,;H,,0, 234.1620, found 234.1630.

b —c

22 23

22,23: A 200-mL Pyrex flask was charged with a solution of 130 mg of 12 of 89% ee in
120 mL cyclohexane. The solution was degassed by argon sparge for 10 min and
irradiated at 23 °C for 4 h. The solvent was removed in vacuo and the residue was purified
by chromatography on silica gel (20 x 100 mm, 4:1 hexanes-EtOAc, R, 0.42 (23), 0.33
(22)) to afford 74 mg (57%) of 23 and 41 mg (32%) of 22 as clear, colorless oils. Data
for 22: '"H NMR (500 MHz, C,D,) 8 5.52 (1H, t, J = 2.4 Hz, C1'H), 3.83 (1H, ddd, J =
9.3, 7.8, 1.7 Hz, one of C3H,), 3.65 (1H, ddd, J = 10.4, 9.3, 5.6 Hz, one of C3H,),
3.50 (1H, 1, J =28 Hz, C7H), 3.02 (1H, dt, J= 7.2, 2.6 Hz, C5H), 2.29 (1H, dt, J =
18.3, 3.7 Hz, one of C9H,), 1.91-1.40 (7H, m, C4H,, one of C9H,, C10H,, C11H,),
0.93 (9H, s, C2'(CH,),); *C NMR (126 MHz, CDCl,) & 208.2, 136.4, 127.6, 84.0,
67.4, 59.5, 50.5, 38.7, 33.8, 33.1, 31.1, 30.2, 19.1 ppm; IR (thin film) v 2950, 2861,
1700, 1603, 1461, 1360, 1280, 1220, 1171, 1144, 1076, 995, 955, 918, 869, 835 cm’’;
[@]E -106.7° (¢ = 0.150, CH,CL); Integration of the 'H NMR (500 MHz, CDCl,)
resonances at 0 1.31 (major) and & 1.26 (minor) ppm in the presence of 1.0 equiv Ag(fod)
and 2.0 equiv (+)-Eu(hfc), indicated an enantiomer ratio of 11.9:1.00 (85% ee). Data for
23: '"H NMR (500 MHz, CDCl,) 6 5.40 (1H, t, J = 2.4 Hz, C1'H), 4.11 (1H, dd J = 8.9,
0.2 Hz, one of C3H,), 3.98 (1H, ddd J = 11.2, 8.9, 5.3 Hz, one of C3H,), 3.64 (1H, t, J
= 2.8 Hz, C7H), 3.30 (1H, dt, J = 7.5, 2.6 Hz, C5H), 2.55 (1H, ddd, J = 16.6, 6.3, 3.2
Hz, one of C9H,), 2.28 (1H, ddd, J = 16.8, 9.8, 7.6 Hz, one of C9H,), 2.08-1.78 (6H,
m, C4H,, C10H,, C11H,), 1.04 (9H, s, C2'(CH,), ppm); °C NMR (126 MHz, CDCl,) &
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209.4, 138.9, 130.0, 87.1, 67.8, 60.6, 51.0, 38.8, 33.4, 32.8, 30.8, 29.8, 19.7 ppm; IR
(thin film) v 2947, 2866, 1704, 1465, 1358, 1310, 1275, 1218, 1142, 1068, 992, 955,
905, 854 cm™; [o] 3 +53.3° (¢ = 0.357, CH,CL)); Integration of the '"H NMR (500 MHz,
CDCl,) resonances at 6 1.25 (major) and & 1.23 (minor) ppm in the presence of 1.0 equiv

Ag(fod) and 2.0 equiv (+)-Eu(hfc), indicated an enantiomer ratio of 14.7:1.00 (88% ee).

4.9%

Selected "H NMR NOE difference data for 22 (300 MHz, C,D,, left) and 23 (300 MHz,
CDCl,, right)
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26: From 23: A solution of 30 mg (0.13 mmol, 1.0 equiv) of 23 in 30 mL. MeOH at -78
°C was treated with a dilute stream of ozone in oxygen for 1.5 min (0.8 mmol/min, 1.3
mmol, 10 equiv). Nitrogen was bubbled through the reaction mixture to remove excess
ozone and 35 pL Bu,P was added. The solution was stirred for 5 min at -78 °C and
warmed to 23 °C thereafter. The volatiles were removed in vacuo and the residue was
purified by chromatography on silica gel (1:1 hexanes-Et,0, R, 0.17) to afford 16 mg
(77%) of 26 as a clear, colorless oil. '"H NMR (400 MHz, CD) 63.69 (1H, td, J = 5.6,
4.9 Hz, one of C3'H,), 3.34 (1H, q, J = 5.9, one of C3'H,), 3.25 (3H, s, OCH,), 2.48
(1H, dt, J = 13.9, 2.0, one of C1H,), 2.40 (1H, t, J = 8.4, CI'H), 2.18 (1H, d, J = 14.0,
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one of C1H,), 2.17-2.06 (2H, m, C3H,), 1.88-1.72 (2H, m, C5H,), 1.62-1.37 (4H, m,

C4H, and C2'H,) ppm; “C NMR (100 MHz, CDy) 6 205.8, 171.7, 86.0, 65.7, 53.2,
51.2,48.2,40.3, 35.9, 28.8, 21.3 ppm; IR (thin film) v 2922, 2856, 1724, 1446, 1359,
1260, 1171, 1018 cm™; [OC]2D3 -42.8° (¢ = 0.140, CH,Cl,). From 22: 24 mg of 22 was
similarly treated to afford 12 mg (72%) of 26, [] 21)3 -38.1° (¢ = 0.105, CH,Cl,), identical
in all other respects. The products of both ozonolyses were combined, and 10 mg (51
umol, 1.0 equiv) was treated with 2.2 mg (56 pmol, 1.1 equiv) NaBH, in 3 mL. MeOH at
0 °C. After stirring for 15 min at O °C the reaction mixture was poured into 2 mL 1.0 M
aqueous KH,PO,, and extracted with 3 mL Et,O. The organic layer was dried over
anhydrous Na,SO,. Concentration in vacuo and chromatography on silica gel (4 x 20 mm,
1:1 hexanes-EtOAc, R, 0.34) afforded 7 mg (70%) of the less polar diastereomeric alcohol,
which was treated with 4-DMAP (5.0 equiv and (R)-MTPACI (2.0 equiv) in CH,CI,.
Integration of the '"H NMR (500 MHz, C,D,) resonances of the derived (S)-MTPA ester at
d 3.53 (major, (S)-MTPA OCH,) and 6 3.49 (minor, (S)-MTPA OCH,) ppm indicated a
diastereomer ratio of 11.5:1.00 (84% ee). HRMS (EI) calculated for C,,H,,0, 212.1048,
found 212.1048.

H,'W'Bu
(o) Ca«
e®
4 or "
13

13: 1,3-Cyclopentanedione (91 mg, 0.94 mmol, 1.2 equiv) and DEAD (182 pL, 1.15

H., Bu
Ho PO,

mmol, 1.5 equiv) were added to a solution of 108 mg (0.770 mmol, 1.0 equiv) of 21 and
246 mg (1.15 mmol, 1.5 equiv) Ph,P in 5 mL THF, and the resulting orange solution was
stirred for 15 min at 23 °C. The reaction mixture was concentrated in vacuo and the residue
was purified by chromatography on silica gel (20 x 830 mm, 5:2 hexanes-EtOAc, R, 0.25)
to afford 121 mg (71%) of 13 as a clear, colorless oil. 'H NMR (500 MHz, CDCl,) 3
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528 (1H, t, J = 1.1 Hz, C2H), 5.19-5.15 (2H, m, C3'H and C5'H), 402 (2H, m,
C1'H,), 2.62-2.59 (2H, m, C4H,), 2.49-2.40 (4H, m, C5H, and C2'H,), 0.86 (9H, s,
C6'(CH,),) ppm; *C NMR (126 MHz, CDCI,) & 205.8, 202.1, 190.1, 104.9, 104.6,
88.3, 71.1, 34.2, 31.9, 30.1, 28.6, 28.4 ppm; IR (thin film) v 3093, 2958, 2865, 2358,
1962, 1705, 1680, 1592, 1462, 1439, 1413, 1389, 1344, 1288, 1248, 1222, 1180, 1008,
930, 879, 830 cm’; [e]% +42.6° (c = 4.07, CH,CL,). HRMS (EI) calculated for
C,,H,,0, 220.1463, found 220.1466.

H,

m—»é{ tcﬁ

o_/4
24 25
24, 25: A 200-mL Pyrex flask was charged with a solution of 130 mg of 13 of 89% ee in
125 mL cyclohexane. The solution was degassed by argon sparge for 10 min and
irradiated at 23 °C for 6 h. The solvent was removed in vacuo and the residue was purified
by chromatography on silica gel (20 x 100 mm, 5:1 hexanes-EtOAc, R, 0.33 (25), 0.27
(24, and an unidentified side product) to afford 44 mg (34%) of 25 as a clear, colorless
oil, and 46 mg (35%) of an inseparable mixture of two products, one of which was
assigned as 24 on the basis of the 'H NMR spectrum of the mixture, as a clear, colorless
oil. Data for 24: Integration of the '"H NMR (500 MHz, CDCl,) resonances at & 1.19
(major) and & 1.18 (minor) ppm in the presence of 1.0 equiv Ag(fod) and 2.0 equiv
(+)-Eu(hfc), indicated an enantiomer ratio of 7.94:1.00 (78% ee). Data for 25: '"H NMR
(500 MHz, CDCL,) 6 5.33 (1H, t, J = 1.8 Hz, C2'H), 4.18 (1H, t, J = 8.1, 7.9, 0.2 Hz,
one of C3H,), 3.92 (1H, ddd, J = 12.8, 7.7, 3.9 Hz, one of C3H,), 3.36 (1H, 8, J= 1.9
Hz, C7H), 3.37-3.31 (1H, m, C5H), 2.66 (1H, ddd, J = 19.8, 9.4, 8.2 Hz, one of
C9H,), 2.53-2.45 (1H, m, one of C9H,), 2.21-2.11 (2H, m, C10H,), 2.04-1.98 (1H, m,
one of C4H,), 1.82 (1H, ddd, J = 12.2, 5.2, 0.2 Hz, one of C4H,), 1.06 (9H, s,
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C2'(CH,),) ppm; "C NMR (126 MHz, CDCl,) § 212.7, 138.6, 118.2, 88.4, 68.9, 57.1,
52.1, 38.5, 33.7, 33.4, 30.6, 29.9 ppm; IR (thin film) v 2950, 2864, 1737, 1469, 1413,
1360, 1314, 1264, 1199, 1138, 1068, 983, 912, 854 cm’; [0]} +21.6° (¢ = 0.247,
CH,Cl,); Integration of the '"H NMR (500 MHz, CDCl,) resonances at & 1.37 (major) and
8 1.34 (minor) ppm in the presence of 1.0 equiv Ag(fod) and 2.0 equiv (+)-Eu(hfc),

indicated an enantiomer ratio of 6.68:1.00 (74% ee).

Selected 'H NMR NOE difference data for 25 (300 MHz, C,D,)

Enantiomeric excess of unreacted 13 as a function of reaction time: A
solution of 40 mg of 13 of 89% ee in 36 mL cyclohexane was degassed by argon sparge
for 10 min. The solution was partitioned equally into three 25-mL Pyrex flasks and
irradiated at 23 °C. The reaction was stopped at various intervals and the solvent was
removed in vacuo. The extent of conversion of 13 to 24, 25, and an unidentified side
product was determined by integration of the 'H NMR (500 MHz, CDCl,) resonances at &
5.56-5.54 (unidentified side product), & 5.39-5.39 (24), & 5.34-5.33 (25), and &
5.30-5.29 (13) ppm. The solvent was removed in vacuo and the crude reaction mixture
was purified by chromatography on silica gel (10 x 80 mm, 5:1 hexanes-EtOAc, R, 0.33)
to isolate 25. The enantiomeric excess of 25 was determined by integration of the 'H
NMR (500 MHz, CDCl,) resonances at & 1.37 (major) and 8 1.34 (minor) ppm in the
presence of 1 equiv Ag(fod) and 2 equiv (+)-Eu(hfc),. When the reaction was stopped at
14% (20 min) and 38% (2 h) conversion, the enantiomeric excess of 25 was 88% and 82%

respectively.
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27: A 100-mL Pyrex flask was charged with a solution of 100 mg of 13 of 89% ee in 92
mL cyclohexane. The solution was degassed by argon sparge for 10 min and irradiated at
23 °C for 6 h. The solvent was removed in vacuo, and the residue was dissolved in 10 mL
MeOH and cooled to -78 °C. A dilute stream of ozone in oxygen was bubbled through the
reaction mixture for 5.5 min (0.8 mmol/min O, 4.4 mmol, 9.7 equiv). Nitrogen was
bubbled through the reaction mixture to remove excess ozone and 136 pL (0.546 mmol,
1.2 equiv) Bu,P was added. The reaction mixture was stirred for 5 min at -78 °C and
warmed to 23 °C thereafter. The volatiles were removed in vacuo and the residue was
purified by chromatography on silica gel (20 x 80 mm, 1:1.2 hexanes—EtOAc, Rf 0.18) to
afford 61 mg (72%) of 27 as a clear, colorless oil. 'HMR (500 MHz, C,D,) & 3.59-3.54
(1H, m, one of C3'H), 3.38-3.34 (1H, m, one of C3'H), 3.18 (3H, s, OCH,), 2.47 (1H,
t, J = 8.1 Hz, CI'H), 2.29-2.21 (2H, m, one of C2H, and one of C4H,), 2.11-1.98 (3H,
m, one of C2H, one of C4H, and one of C2'H), 1.74-1.62 (2H, m, one of C5H, and one
of C2'H,), 1.61-1.53 (1H, m, one of C5H) ppm; "C NMR (126 MHz, C,D,) & 213.1,
172.0, 88.2, 65.6, 51.3, 51.1, 46.5, 36.8, 34.8, 29.2 ppm; IR (thin film) v 2956, 2924,
2853, 1742, 1662, 1376, 1320, 1260, 1161, 1026, 954 cm™; [@]% -20.5° (c = 0.221,
CH,Cl,). A solution of 9 mg (55 uM, 1.0 equiv) of 27 in 3 mL MeOH at 0 °C was treated
with 2.1 mg (54 pmol, 1.2 equiv) NaBH,. After stirring for 30 min at O °C the reaction
mixture was poured into 4 mL 1.0 M aqueous KH,PO,, and extracted with 6 mL Et,O.
The organic layer was dried over anhydrous Na,SO,. Concentration in vacuo and
chromatography on silica gel (10 x 40 mm, 1:1 hexanes-EtOAc, R, 0.27) afforded 7 mg

(64%) of the less polar diastereomeric alcohol, which was treated with 4-DMAP (5.0 equiv



33
and (R)-MTPACI (2.0 equiv) in CH,Cl,. Integration of the 'H NMR (500 MHz, C,D,)
resonances of the derived (S)-MTPA ester at 6 3.48 (minor, (S)-MTPA OCH,) and 6 3.44
(major, (S)-MTPA OCH,) ppm indicated a diastereomer ratio of 5.33:1.00 (68% ee).
HRMS (EI) calculated for C, ;H,,0, 198.0892, found 198.0888.
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14: 4-Hydroxycoumarin (150 mg, 0.927 mmol, 1.25 equiv) and DEAD (146 uL, 0.927
mmol, 1.25 equiv) were added to a solution of 104 mg (0.741 mmol, 1.0 equiv) of 21 and
242 mg (1.11 mmol, 1.5 equiv) Ph,P in 8 mL. THF, and the resulting orange solution was
stirred for 15 min at 23 °C. The reaction mixture was concentrated in vacuo and the residue
was purified by chromatography on silica gel (20 x 100 mm, 5:1 hexanes-EtOAc, R, 0.21)
to afford 120 mg (57%) of 14 as a white solid. "H NMR (500 MHz, CDCL,) 6 7.79 (1H,
dd, J=7.9, 1.6, C5H or C8H), 7.51 (1H, dd, J = 8.6, 7.0, 1.6, C6H or C7H), 7.27
(1H, dd, J = 8.5, 0.7, C5H or C8H), 7.23 (1H, ddd, J = 8.5, 7.1, 1.1, C6H or C7H),
5.64 (1H, s, C3H), 5.25 (1H, q, J = 6.4, C5'H), 5.18-5.15 (1H, m, C3'H), 4.17 (2H, t,
J=6.6, CI'H,), 2.61-2.54 (2H, m, C2'H,), 0.99 (9H, s, C6'(CH,),) ppm; C NMR
(126 MHz, CDCL,) & 201.8, 165.5, 162.8, 153.3, 132.2, 123.7, 123.0, 116.6, 115.6,
104.4, 90.4, 87.8, 68.4, 31.6, 30.0, 28.1 ppm; IR (thin film) v 3093, 3044, 2957, 2864,
1963, 1826, 1743, 1610, 1567, 1495, 1473, 1459, 1415, 1369, 1328, 1279, 1239, 1205,
1184, 1158, 1147, 1107, 1081, 1033, 997, 933, 912, 894, 874, 827, 769, 750, 734,
684, 646 cm’'; [] % +45.0° (¢ = 4.00, CH,Cl)). HRMS (EI) calculated for CH,,0,
284.1412, calculated for C,,H,,0, (M" - H) 283.1334, found 283.1338.
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28: A 100-mL Pyrex flask was charged with 120 mg of 14 of 92% ee in 90 mL
cyclohexane. The solution was degassed by argon sparge for 10 min and irradiated at 23
°C for 2 h. The solvent was removed in vacuo and the residue was purified by
chromatography on silica gel (20 x 100 mm, 5:1 hexanes-EtOAc, R, 0.34) to afford 107
mg (89%) of 28 as a white solid. "H NMR (500 MHz, CDCl,) § 7.44 (1H, ddd, J = 8.1,
1.1, 0.3 Hz, C1"H or C4"H); 7.35 (1H, ddd, J = 8.3, 7.4, 1.7 Hz, C2"H or C3"H), 7.22
(1H,td, J=7.4, 1.1 Hz, C2"H or C3"H), 7.10 (1H, ddd, J =7.4, 1.7, 0.2 Hz, C1"H or
C4"H), 5.78 (1H, t, J = 2.4 Hz, C1'H), 4.45 (1H, ddd, J = 8.7, 1.7, 1.6 Hz, one of
C3H,), 4.18 (1H, ddd, J = 10.9, 9.3, 5.8, one of C3H,), 4.01 (1H, t, J = 3.0 Hz, C7H),
3.70-3.67 (1H, m, C5H), 2.40-2.32 (1H, m, one of C4H), 2.18-2.14 (1H, m, one of
C4H), 1.09 (9H, s, C2'(CH,),) ppm; “C NMR (126 MHz, CDCL,) & 165.1, 150.4,
138.9, 130.0, 126.7, 126.0, 125.1, 121.7, 117.3, 79.7, 68.6, 57.9, 49.8, 34.0, 33.7,
30.1 ppm; IR (thin film) v 2956, 2867, 1761, 1616, 1588, 1490, 1474, 1455, 1363,
1328, 1260, 1203, 1186, 1167, 1115, 1087, 1069, 1034, 999, 955, 927, 758 cm’; [a]%
+162° (¢ = 0.363, CH,Cl,); A solution of 11 mg (37 pM, 1.0 equiv) of 28 in 1 mL THF at
0 °C was treated with 40 pL (80 pM, 2.2 equiv) of a 2.0 M solution of LiBH, in THF.
The reaction mixture was stirred at 0 °C for 30 min, poured into 2 mL 1.0 M aqueous
KH,PO,, and extracted with 3 mL Et,0. The organic layer was dried over anhydrous
Na,SO,. Concentration in vacuo and chromatography on silica gel (4 x 20 mm, 2:1
hexanes-EtOAc, R, 0.36) afforded 4 mg (80%) of a diol that was treated with 4-DMAP (10
equiv) and (R)-MTPACI (4.0 equiv) in CH,Cl,. Integration of the 'H NMR (500 MHz,
CDCl,) resonances of the derived (S)-MTPA ester at 6 1.04 (minor, C2'(CH,),) and &

1.02 (major, C2'(CH,),) ppm indicated a diastereomer ratio of 22.9:1.00 (92% ee).
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Selected '"H NMR NOE difference data for 28 (300 MHz, CDCl,)

Irradiation of 14 in the presence of a triplet sensitizer: A solution of 31 mg of
14 and 286 mg of benzophenone in 1 mL benzene was irradiated through a uranium glass

filter (A

e = 390 nm) for 2 hr. The volatiles were removed in vacuo. Analysis of the

residue by '"H NMR (500 MHz, CDCl,) indicated that only 28 was formed during the

reaction.
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30: A 1.6 M solution of ‘BuLi in pentane (3.32 mL, 5.31 mmol, 1.5 equiv) was added
dropwise to a solution of 693 pL (5.68 mmol, 1.6 equiv) of fert-butylacetylene in 5 mL
THEF at -78 °C. The resulting solution was stirred for 30 min at -78 °C, and a solution of
550 mg (3.48 mmol, 1.0 equiv) D-glyceraldehyde diethyl ketal, prepared according to the
literature procedure,'* in 5 mL THF was added dropwise. The transfer was quantitated
with an additional 2 mlL. THF. The reaction mixture was warmed to 23 °C. When warming
was complete the reaction mixture was poured into 20 mL. 1.0 M aqueous KH,PO, and 25
mL Et,0. The aqueous layer was extracted with an additional 3 x 20 mL Et,O, and the
combined organic layers were washed with saturated aqueous NaCl, dried over anhydrous
Na,SO,, and concentrated in vacuo. The residue was purified by chromatography on silica
gel (20 x 350 mm, 4:1 hexanes-Et,0, R, 0.25) to afford 210 mg (25%) of 30 as a clear,
colorless oil. 'H NMR (500 MHz, CDCL,) & 4.57-4.53 (1H, m, C3H), 4.21 (1H, td, J =
7.1, 3.5, C2H), 4.06 (1H, dd, J = 8.2, 6.7, one of C1H,), 3.98 (1H, t, J = 8.1, one of
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ClH,), 2.23-2.20 (1H, br s, OH), 1.76-1.62 (4H, m, both of diethyl ketal CH,), 1.21
(9H, s, C6(CH;);), 0.94 (3H, t, J = 7.3, one of diethyl ketal CH,), 0.90 (3H, t, J = 7.5,
one of diethyl ketal CH,) ppm; C NMR (126 MHz, CDCL,) & 113.8, 95.4, 78.2, 75.2,
65.3, 62.1, 30.8, 29.8, 28.9, 27.4, 8.1 ppm; IR (thin film) v 3444, 2969, 2240, 1836,
1463, 1378, 1362, 1263, 1202, 1173, 1124, 1082, 1060, 1040, 978, 941, 919, 870, 831,
767,709, 676 cm™; [o]E +47.1° (¢ = 0.170, CH,CL,).
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32: MsCl (225 pL, 2.90 mmol, 1.2 equiv) was added dropwise to a solution of 581 mg
(2.42 mmol, 1.0 equiv) of 30 and 503 pL (3.63 mmol, 1.5 equiv) TEA in 5 mL. CH,Cl, at
0 °C atarate such that the internal temperature was maintained below 5 °C. After stirring
for 0.5 h, the reaction mixture was transferred via cannula into a solution of 10 mL MeOH
and 10 mL anhydrous H,NNH,. The reaction mixture was stirred at 23 °C for 144 h and
poured into 100 mL water. The aqueous layer was extracted with 2 x 40 mL 95:5 CH,Cl,-
MeOH. The organic layers were combined, dried over anhydrous Na,SO,, and

concentrated in vacuo. The residue was used without further purification.
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33: The residue was dissolved in 20 mL 1:1 Et,O-CH,Cl, and cooled to 0 °C. PTAD (848
mg, 4.84 mmol, 2.0 equiv) was added in one portion. When gas evolution was complete,
20 mL n-pentane was added and the reaction mixture was filtered through a pad (1 x 2 cm)
of silica gel. The pad was washed with 20 mL 4:1 n-pentane—CH,Cl, and the filtrate was

concentrated in vacuo. The residue was purified by chromatography on silica gel (20 x 80
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mm, 1:1 n-pentane-CH,Cl,, R, 0.19) to afford 348 mg (64%) of 33 as a clear, colorless
oil. 'H NMR (500 MHz, CDCL,) § 5.30 (1H, dd, J = 6.2, 1.5 Hz, C5H), 5.24 (1H, dd, J
=7.3, 6.3 Hz, C3H), 4.53 (1H, dddd, J = 7.9, 7.4, 6.1, 1.5 Hz, C2H), 4.08 (1H, dd, J
= 8.0, 6.1 Hz, one of C1H,), 3.66 (1H, t, J = 7.9 Hz, one of C1H,), 1.69-1.62 (4H, m,
both of diethyl ketal CH,), 1.03 (9H, s, C6(CH,),), 0.93-0.89 (6H, m, both of diethyl
ketal CH,) ppm; "C NMR (126 MHz, CDCl,) § 202.0, 113.3, 105.1, 92.3, 75.3, 69.9,
31.6, 30.1, 30.0, 29.8, 8.1, 8.0 ppm; IR (thin film) v 2964, 2881, 1964, 1463, 1390,
1362, 1336, 1310, 1272, 1250, 1232, 1198, 1173, 1132, 1078, 1038, 961, 918, 875,
748 cm™; [a] % -25.1° (¢ = 2.47, CH,CL,).
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34: Oxalic acid (20 mg, 0.222 mmol, 0.17 equiv) was added to a solution of 300 mg (1.34
mmol, 1.0 equiv) of 33 in 13 mL MeOH. The resulting solution was stirred for 48 h at 23
°C, concentrated in vacuo, and the residue was purified by chromatography on silica gel
(20 x 100 mm, 1.5:1 hexanes-EtOAc, R, 0.23) to afford 136 mg (65%) of 34 as a clear,
colorless oil. 'H NMR (500 MHz, CDCl,) § 5.35 (1H, dd, J = 6.3, 2.4, C5H), 5.28 (1H,
t,J = 6.2, C3H), 4.26-4.22 (1H, m, C2H), 3.68 (1H, dd, J = 11.2, 3.5, one of C1H,),
3.54 (1H, dd, J = 11.3, 7.2, one of C1H,), 2.32-2.06 (2H, br s, C1OH and C20H), 1.04
(9H, s, C6(CH,),) ppm; "C NMR (126 MHz, CDCL,) § 200.3, 106.5, 93.5, 70.4, 66.7,
31.8, 30.1 ppm; IR (thin film) v 3358, 2959, 2865, 1962, 1647, 1472, 1458, 1395, 1362,
1317, 1253, 1205, 1190, 1123, 1080, 871 cm™; [&] & -62.6° (¢ = 0.303, CH,CL,).
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35: TEA (181 pL, 1.31 mmol, 1.5 equiv), TBSCI (131 mg, 0.871 mmol, 1.0 equiv), and
4-DMAP (11 mg, 0.087 mmol, 0.1 equiv) were added successively to a solution of 136
mg (0.871 mmol, 1.0 equiv) of 34 in 15 mLL CH,Cl,. The resulting solution was stirred
for 16 h at 23 °C, poured into 20 mL 1.0 M aqueous KH,PO,, and extracted with 2 x 20
mL Et,0. The combined organic layers were dried over anhydrous Na,SO, and
concentrated in vacuo. The residue was purified by chromatography on silica gel (20 x 60
mm, 1:1 hexanes—-CH,Cl,, R, 0.26) to afford 120 mg (54%) of 35 as a clear, colorless oil.
'"H NMR (500 MHz, CDCL,) 6 5.29 (1H, dd, J = 6.3, 2.2, C5H), 524 (1H, t, J = 6.3
Hz, C3H), 4.20-4.14 (1H, m, C2H), 3.66 (1H, dd, J = 10.0, 3.9 Hz, one of C1H,), 3.52
(1H, dd, J = 10.0, 7.4 Hz, one of C1H,), 2.48 (1H, d, J = 2.0, OH), 1.04 (9H, s,
C6(CH,),), 0.91 (9H, s, SiC(CH,),), 0.81 (6H, s, Si(CH,),) ppm; *C NMR (126 MHz,
CDCl,) 6 200.6, 105.4, 93.2, 70.6, 67.4, 31.7, 30.1, 25.9, 18.3, -5.4 ppm; IR (thin
film) v 3566, 3441, 2958, 2929, 2902, 2859, 1964, 1732, 1473, 1463, 1390, 1362,
1318, 1254, 1218, 1190, 1109, 1073, 1006, 938, 837, 815, 728, 668 cm™; [a]} +4.0°
(c =3.02, CH,Cl,).
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36: TEA (103 pL, 0.739 mmol, 2.0 equiv) and TIPSOTf (129 pL, 0.4812 mmol, 1.3
equiv) were added successively to a solution of 100 mg (0.370 mmol, 1.0 equiv) of 35 in
12 mL CH,Cl,. The resulting solution was stirred at 23 °C for 2 h, poured into 20 mL 1.0
M aqueous KH,PO,, and extracted with 2 x 15 mL Et,0. The organic layers were dried

over anhydrous Na,SO, and concentrated in vacuo. The residue was purified by
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chromatography on silica gel (20 x 80 mm, hexanes, R, 0.19) to afford 154 mg (97%) of
36 as a clear, colorless oil. 'H NMR (400 MHz, CDCl,) 8 5.16-5.14 (2H, m, C3H and
C5H), 4.28-4.22 (1H, m, C2H), 3.64 (1H, dd, J=9.9, 6.2, one of C1H,), 3.54 (1H,
dd, J = 10.0, 5.5, one of C1H,), 1.26-0.98 (30H, m, C6(CH,), and C20Si('Pr),), 0.88
(9H, s, C10SiC(CH,),), 0.05 (6H, s, C10Si(CH,),) ppm; "C NMR (100 MHz, CDCl,)
6 200.9, 103.9, 95.3, 73.5, 68.8, 31.6, 30.2, 36.1, 22.7, 18.1, 18.0, 12.4, -5.3 ppm; IR
(thin film) v 2958, 2866, 2714, 1963, 1463, 1408, 1388, 1362, 1255, 1195, 1126, 1070,
998, 967, 939, 919, 883, 836, 777, 740, 680 cm™'; [0] % -27.3° (¢ = 3.96, CH,CL,).
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29: A solution of 152 mg of 36 in HFepyridine in pyridine—THF, prepared according to
the procedure of Trost,"” was stirred at 23 °C for 6 h, poured into 20 mL 1.0 M aqueous
KH,PO,, and extracted with 20 mL Et,0. The organic layer was washed with 2 x 10 mL
saturated aqueous CuSO, solution, dried over anhydrous Na,SO,, and concentrated in
vacuo. The residue was purified by chromatography on silica gel (20 x 80 mm, 2:1
hexanes—CH,Cl,, Rf 0.20) to afford 89 mg (79%) of 29 as a clear, colorless oil. '"H NMR
(500 MHz, CDCl,) & 5.22 (1H, dd, J= 6.3, 1.4 Hz, C5H), 5.19 (1H, t, J = 6.4 Hz,
C3H), 4.33-4.30 (1H, m, C2H), 3.60 (1H, dd, J = 10.9, 4.4, one of C1H,), 3.54 (1H,
dd, J = 10.9, 6.6, one of ClH,), 2.14-1.90 (1H, br s, OH), 1.13-1.05 (21H, m,
C20Si(‘Pr),), 1.03 (9H, s, C6(CH,),) ppm; *C NMR (126 MHz, CDCl,) § 200.8, 104.4,
94.1, 73.0, 67.7, 31.6, 30.1, 18.0, 17.9, 12.3 ppm; IR (thin film) v 3584, 3453, 2960,
2866, 1963, 1463, 1387, 1363, 1325, 1253, 1205, 1188, 1099, 1062, 1015, 997, 946,
920, 882, 825, 747, 680 cm’'; [a] % -25.6° (¢ = 2.97, CH,Cl,).
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37: 4-Hydroxycoumarin (68 mg, 0.422 mmol, 1.5 equiv), DEAD (66 uL, 0.422 mmol,
1.5 equiv), and Ph,P (126 mg, 0.479 mmol, 1.7 equiv) were added to a solution of 88 mg
(0.282 mmol, 1.0 equiv) of 29 in 6.5 mL. THF. The resulting orange solution was stirred
for 30 min at 23 °C. The reaction mixture was concentrated in vacuo and the residue was
purified by chromatography on silica gel (20 x 80 mm, 6:1 hexanes-Et,0, R, 0.19) to
afford 73 mg (57%) of 37 as a clear, colorless oil. '"H NMR (500 MHz, CDCI3) & 7.86
(1H, dd, J =7.9, 1.2 Hz, C6H or C9H), 7.56 (1H, ddd, J = 10.4, 7.8, 1.2 Hz, C7H or
C8H), 7.32 (1H, d, J = 10.4 Hz, C6H or C9H), 7.26 (1H, t, J = 7.8 Hz, C7H or C8H),
5.72 (1H, s, C3H), 5.34-5.30 (2H, m, C3'H and C5'H), 4.77-4.74 (1H, m, C2'H), 4.18
(1H, dd, J = 9.8, 6.5 Hz, one of C1'H,), 4.12 (1H, dd, J = 9.8, 4.5 Hz, one of C1'H,),
1.22-1.06 (30H, m, C6'(CH,), and C2'OSi(‘Pr),) ppm; "C NMR (126 MHz, CDCL,) &
200.9, 165.6, 162.8, 153.3, 132.3, 123.7, 123.1, 116.7, 115.6, 105.2, 93.9, 90.7,
73.8, 70.2, 31.7, 30.0, 18.0, 17.9, 12.3 ppm; IR (thin film) v 3089, 2947, 2867, 1963,
1732, 1715, 1622, 1568, 1494, 1453, 1410, 1372, 1326, 1274, 1239, 1184, 1159, 1141,
1106, 1068, 1030, 998, 970, 928, 883, 820, 764, 752, 682, 594 cm™; [e]F +8.3° (c =
2.04, CH,CL,).

TIPSO TIPSQ
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~ »
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44: A 100-mL Pyrex flask was charged with 68 mg of 37 in 68 mL cyclohexane. The
solution was degassed by argon sparge for 10 min, and irradiated at 23 °C for 4 h. The

solvent was removed in vacuo and the residue was purified by chromatography on silica
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gel (20 x 80 mm, 5:1 hexanes-Et,0, Rf 0.31) to afford 61 mg (90%) of 44 as a clear,
colorless oil that solidified on standing. 'H NMR (500 MHz, CDCl,) 6 7.36-7.30 (2H, m,
C1"H or C4"H and C2"H or C3"H), 7.18 (1H, td, J = 7.6, 1.2 Hz, C2"H or C3"H), 7.04
(1H, dd, J = 8.2, 1.1, one of C1"H or C4"H), 5.70 (1H, t, J = 2.4 Hz, C1'H), 4.84 (1H,
dt, J =7.6, 5.1 Hz, C4H), 4.36 (1H, dd, J = 9.6, 4.9 Hz, one of C3H,), 4.18 (1H, t, J =
2.8, C7TH), 4.05 (1H, dd, J = 9.5, 5.4 Hz, one of C3H,), 3.75 (1H, dt, /= 7.5, 2.5 Hz,
C5H), 1.16-1.04 (21H, m, C40Si(‘Pr),), 1.02 (9H, s, C2'(CH,),) ppm; C NMR (126
MHz, CDCl,) & 164.6, 150.5, 139.1, 130.3, 127.0, 125.1, 121.8, 119.6, 117.5, 80.0,
76.3, 74.6, 62.7, 51.6, 34.1, 29.9, 18.3, 18.1, 12.9 ppm; IR (thin film) v 2952, 2866,
1760, 1588, 1491, 1451, 1392, 1364, 1341, 1304, 1201, 1117, 1066, 1040, 1015, 998,
950, 909, 883, 836, 763 cm™; [0] % -6.7° (¢ = 0.300, CH,Cl,).

Selected '"H NMR NOESY correlations for 44 (300 MHz, CDCL,)

OH OTBS

o/\)\ /1\)\:5/ &

H S o =
(e} B )

39

39: DIEA (320 pL, 1.83 mmol, 2.0 equiv) was added to a solution of 222 mg (0.916
mmol, 1.0 equiv) of 30 in 10 mL CH,Cl,. The resulting solution was cooled to -78 °C and
315 pL (1.37 mmol, 1.5 equiv) TBSOTf was added dropwise. The solution was allowed
to warm to O °C and stirred for 1 h at 0 °C. The reaction mixture was poured into 10 mL

1.0 M aqueous KH,PO, and extracted with 3 x 20 mL Et,0. The combined organic layers
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were washed with saturated aqueous NaCl, dried over anhydrous Na,SO,, and
concentrated in vacuo. The residue was dissolved in 10 mL pyridine and 100 mg 5%
palladium on carbon was added. The resulting slurry was stirred under 1 atm H, for 8 h
and filtered through a plug of Celite. The plug was washed with n-heptane and the filtrate
was concentrated in vacuo. The residue was purified by chromatography on silica gel (20
x 150, 20:1 hexanes-Et,0) to afford 244 mg (75%) of 39 as a clear, colorless oil. 'H
NMR (300 MHz, CDCl,) 6 5.37 (1H, d, J = 12.5 Hz, C5H), 5.04 (1H, dd, J = 12.5, 9.2
Hz, C4H), 4.86 (1H, dd, J =9.2, 5.1, C3H), 4.03 (1H, t, J= 7.1 Hz, one of C1H,),
394 (1H, dd, J =7.1, 5.1 Hz, C2H), 3.85 (1H, t, J = 7.1 Hz, one of C1H,), 1.69-1.61
(4H, m, both of diethyl ketal CH,), 1.15 (9H, s, C6(CH;);), 0.89-0.86 (15H, m,
SiC(CH,), and both of diethyl ketal CH), 0.09 (3H, s, one of SiCH,), 0.08 (3H, s, one
of SiCH,) ppm; "C NMR (75 MHz, CDCL,) & 140.9, 128.3, 113.1, 79.8, 69.1, 66.6,
34.5, 31.1, 29.9, 29.8, 28.8, 18.1, 8.5, 8.2, -3.9, -4.4 ppm; IR (thin film) v 2931, 2872,
1467, 1360, 1249, 1196, 1173, 1126, 1085, 1002, 920, 838, 773, 679 cm'';
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42: A solution of 214 mg (0.600 mmol, 1.0 equiv) of 39 in 10 mL. CH,Cl, was cooled to
-78 °C and treated with a dilute stream of ozone in oxygen for 7.5 min (0.8 mmol/min,
6.00 mmol, 10 equiv). Nitrogen was bubbled through the reaction mixture to remove
excess ozone and 2 mL Me,S was added. The solution was allowed to slowly warm to 23
°C and stirred at 23 °C for 2 h. The volatiles were removed in vacuo and the residue was
dissolved in 5 mL ‘BuOH and 5 mL 1.25 M pH 7 aqueous phosphate buffer. The solution
was cooled to 0 °C and 2 mL 0.4 M aqueous KMnO, solution was added. The reaction
mixture was stirred for 6 h at 23 °C. Saturated aqueous Na,SO, was added until the purple

color discharged. The reaction mixture was filtered through Celite. The aqueous layers
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were treated with 10 mL 1.0 M aqueous KH,PO, and extracted with 3 x 10 mL EtOAc.

The combined organic layers were washed with saturated aqueous NaCl, dried over
anhydrous Na,SO,, and concentrated in vacuo. The residue was dissolved in 5 mL Et,0
and treated with an ethereal solution of diazomethane until a yellow color persisted. Excess
diazomethane was quenched by dropwise addition of AcOH. The reaction mixture was
washed with 5 mL saturated aqueous NaCl, dried over anhydrous Na,SO,, and
concentrated in vacuo. The residue was purified by chromatography on silica gel (20 x
100, 2:1 hexanes-EtOAc, R, 0.30) to afford 77 mg (39%) of 42 as a clear, colorless oil.
'H NMR (300 MHz, C,D) & 4.43-4.33 (2H, m, C3H and C2H), 4.04 (1H, dd, J = 8.4,
5.8 Hz, one of C1H,), 3.90 (1H, dd, J = 8.4, 6.2 Hz, one of C1H,), 3.31 (3H, s,
OCH,), 1.77-1.69 (2H, m, one of diethyl ketal CH,), 1.55 (2H, q, J = 7.5 Hz, one of
diethyl ketal CH,), 1.02-0.87 (15H, m, both of diethyl ketal CH, and OSiC(CH};),), 0.08
(3H, s, one of SiCH;), 0.04 (3H, s, one of SiCH,) ppm; 3C NMR (75 MHz, CDCl,) &
171.9, 113.6, 77.1, 72.9, 66.2, 66.0, 29.7, 28.7, 25.6, 18.1, 8.1, -5.3 ppm; IR (thin
film) v 2930, 2884, 2858, 2711, 1752, 1459, 1438, 1389, 1361, 1255, 1198, 1160,
1086, 1059, 1005, 916, 870, 855, 838, 780, 675 cm™; [] % +18.8° (¢ = 2.57, CH,Cl,).

oTBS o
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43: Concentrated aqueous HCI (100 pL) was added to a solution of 10 mg (0.030 mmol,
1.0 equiv) of 42 in 2 mL MeOH. The resulting solution was stirred at 23 °C for 30 min
and concentrated to afford 3.4 mg (97%) of 43, spectroscopically identical with an

authentic sample.'®
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X-ray crystallography of (+)-15: Data Collection:'’ A clear, colorless crystal of
molecular formula C,(H,,0, with approximate dimensions of 0.13 x 0.25 x 0.48 mm
obtained by crystallization from acetone at 23 °C by slow evaporation was mounted on a
glass fiber and placed in a goniometer head on an Enraf-Nonius CAD4 computer controlled
kappa axis diffractometer equipped with a graphite monochromator using MoKo: radiation
(A =0.71073 A). Unit cell parameters and an orientation matrix for data collection were
obtained by auto-indexing and least-squares refinement of 22 reflections in the range 2° < ©
< 14°. The crystal system was monoclinic with cell constants and calculated volume of: a =
11.388(3) A, b = 10.536(2) A, c = 13.154(4) A, B = 105.99(2)°, V = 1511(1) A*. From
space group required extinctions and subsequent least squares refinement, the space group
was determined to be P2 /c (# 14). A total of 3014 unique reflections was collected at a

temperature of 25+1 °C using the 2-20 scan technique to a maximum 20 angle of 50.0°.

Data Reduction: As a check on crystal and electronic stability, two representative
reflections were measured every 60 minutes. A linear decay correction was applied to the

data. Lorentz, polarization, and no absorption corrections were made.

Structure Solution and Refinement: The structure was solved with SHELX-86'®
using direct methods, which revealed the positions of 21 atoms. HYDRO'® was employed
to locate the remaining hydrogens. Hydrogen atoms were included in the refinement but
restrained to ride on the atom to which they were bonded. Anomalous dispersion effects
were included in F_;* the values for Af' and Af" were those of Cromer.”’ Only 1620
reflections having F_ greater than 3.0 times 6(F_) were used in the refinements. The final
cycle of least-squares included 190 variable parameters and converged with a maximum
parameter shift of 0.00 times its esd, and unweighted and weighted agreement factors of

0.0746 and 0.0748, respectively. The standard deviation of an observation of unit weight



45
was 0.53. The largest peak in the final difference Fourier has a height of 0.31 e/A® with an
estimated error based on AF*? of 0.07; Plots of Zw(IF,I- [F l)* versus IF,| reflection order in
data collection, sin®/A, and various classes of indices showed no unusual trends.
Scattering factors were taken from Cromer and Waber.”> All calculations were performed

on a MicroVAX computer using MolEN.'***

2.3. Results

2.3.1. Synthesis of photosubstrates. The intramolecular [2+2]-
photocycloadditions of olefins and allenes with enones and enoates are powerful tools for
the construction of complex polycyclic structures with control over the relative
configuration of three new stereocenters. In principle, employing chiral 1,3-disubstituted
allenes in [2+2]-photocycloadditions with enones and enoates would afford an asymmetric
variant of these reactions, and several attempts at developing such a scheme have been
described. Becker has reported that irradiation of 10 affords 11 as a single diastereomer
(Equation 2.3).* Based on this precedent the enantioselective photocycloaddition model
substrates 12, 13, and 14 were chosen for synthesis. These photosubstrates differ from
10 in two respects: (1) the allene moiety is substituted at the 3'-terminus with a bulky fert-
butyl group which was anticipated to preclude addition of an enone or enoate triplet to one
of the diastereofaces of the allene; and (2) a heteroatom substitution which facilitates
coupling of the enone and allenyl alcohol fragments using the Mitsunobu condensation 1is

present.”

o ¢ i oHe
Ly —
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Figure 2.1. Model substrates for enantioselective photocycloadditions.

The allene fragment common to 12, 13, and 14 was synthesized in
enantioenriched form as shown in Scheme 2.3. Addition of lithium fert-butylacetylide to
aldehyde 15 afforded (%)-16, which was oxidized using the Dess-Martin periodinane*®
and reduced with (S)-Alpine-Borane”’ (Aldrich) to afford 16 in 89-92% enantiomeric
excess, as determined by '"H NMR analysis of its (S)-MTPA ester derivative.”® Alkynol

16 was converted to allene 20 in 71% overall yield (3 steps) using the conditions described

Scheme 2.3. Synthesis of photocycloaddition model substrates.

o OH o
HNores — TBSOA/\ ? TBSOA)\
Bu - Bu

15 (£)-16
‘ :
. NHNH, OH
H., u 2
TBSO A= : TBSO/\/\ TBSO/\/'\
Bu Bu
20 19 16, R=0H
E 18, R =0OMs
H, 'Bu
g
Ez | 0
Bu
HO/\/: =< E
21 12-14

(a) lithium fert-butylacetylide, Et,0, -78 °C, 2 h (72%). (b) Dess-Martin periodinane, CH,Cl,, 23 °C, 15
min (90%). (c) (S)-Alpine Borane, 23 °C, 7 h (93%, 90% ee). (d) MsCl, TEA, CH,Cl,, 0 °C, 30 min. (¢)
1:1 MeOH-H,NNH,, 23 °C, 36 h. (f) PTAD, 1:1 CH,Cl,-Et,0, 0 °C, 5 min (71%, 3 steps). (g) TBAF,
THEF, 23 °C, 30 min (80%). (h) Ph;P, DEAD, THF, 23 °C, 15 min (56-71%).
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by Myers for the preparation of eneyne allenes.”” The transfer of asymmetry from the
propargyl alcohol 16 to the allene 20 was found to be quantitative as determined by 'H
NMR analysis of 20 (89-92% ee) in the presence of the chiral shift reagents Ag(fod) and
(+)-Eu(hfc),.”® Desilylation of 20 with tetrabutylammonium fluoride afforded allenic
alcohol 21, which was coupled with 1,3-cyclohexanedione, 1,3-cyclopentanedione, and 4-
hydroxycoumarin under Mitsunobu conditions* to afford photosubstrates 12, 13, and 14

in 56%, 71%, and 57% yield respectively.

2.3.2. Photocycloadditions of 1,3-cyclopentanedione and 1,3-
cyclohexanedione derived substrates. The photocycloadditions of 12, 13, and 14
were performed at 23 °C in cyclohexane in Pyrex vessels (A, = 293 nm) as described by
Becker.” Irradiation of 12 afforded the diastereomeric exo-alkylidenecyclobutanes 22 and
23 in a 1.2:1 mixture that was readily separable by chromatography on silica gel (Equation
2.4). The overall yield of photocycloaddition products was 89%. The enantiomeric
excesses of 22 and 23 were determined by '"H NMR analysis in the presence of 2.0
equivalents (+)-Eu(hfc), and 1.0 equivalent Ag(fod) (Figure 2.2).”" For both 22 and 23

the enantiomeric excess was found to equal, within experimental error, that of the

photosubstrate.

H, Bu Bu

g o} (o}
]f H Bu H Y
(o} ? hv, CyH, 23 °C, /4 - :
4h, 89%. — i (2.4)
O 7 o0/
(e}
12 (89% ee) 22 (85% ee) 23 (88% ee)

Asymmetric Induction 96% 99%
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Partial THNMR Spectra (500 MHz, CDCl3) of 22 and (*)-22 in the presence of Ag(fod) and
(+)-Eu(hfc)s showing the signal for thetert-butyl group.

Figure 2.2. Enantiomeric excess determination of photoproducts derived from 1,3-

cyclopentanedione and 1,3-cyclohexanedione.

Irradiation of 13 (Equation 2.5) afforded the diastereomeric exo-
alkylidenecyclobutanes 24 and 25 in 69% overall yield upon irradiation under identical
conditions. Irradiation also resulted in the formation of an unidentifiable side product that
was inseparable from 24. This side product may arise from poor regioselectivity rather
than poor diastereoselection in the initial bond forming step of the photocycloaddition.
This hypothesis is supported by the observation that ozonolysis of the crude photoproducts
affords both 27 and an unidentified product whose '"H NMR spectrum contains a signal for
the zert-butyl group. Determination of the enantiomeric excesses of 24 and 25 by 'H NMR
analysis in the presence of 1.0 equivalent Ag(fod) and 2.0 equivalents (+)-Eu(hfc),
indicated that some racemization had occurred.*?

The relative stereochemistry of 22, 23, and 25 was determined by 'H NMR NOE
difference experiments (Figure 2.3). The olefin geometry of 22 was assigned based on an

enhancement of C7H upon irradiation of the vinylic signal. The olefin geometries of 23

H,' Bu By

If ] H Bu Q H
o ¢ hv, CyH, 23 °C, w . : g
%j\‘j 6 h, 69%. < 5,__ (2.5)
g o/~
o 7
13 (89% ee) 24 (78% ee) 25 (74% ee)

Asymmetric Induction 88% 83%
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Figure 2.3. Selected '"H NMR NOE difference data for photoproducts derived from 1,3-

cyclopentanedione and 1,3-cyclohexanedione.

and 25 were assigned based on an enhancement of the vinylic signal upon irradiation of
C5H. These assignments were supported by the observation of an enhancement of the tert-
butyl signal of 23 upon irradiation of C7H and an enhancement of the C7H signal of 25
upon irradiation of the fert-butyl signal. The strong enhancement of C7H upon irradiation
of one of the two diastereomeric C3H signals in 23 and 25 allowed assignment of the
relative stereochemistry about the cyclobutane ring.

In order to demonstrate the synthetic equivalence of the asymmetric [2+2]-
photocycloaddition to a chiral ketene-olefin cycloaddition and to verify that the
photoadducts 22 and 23 differed only in olefin stereochemistry and possessed the same
absolute configuration, 22 and 23 were ozonolyzed independently in methanol to afford
the same keto ester 26 after retro-Claisen fragmentation of the intermediate B-diketone
(Equation 2.6). Reduction of 26 with sodium borohydride in methanol afforded a mixture
of diastereomeric cyclohexanols. A "H NMR analysis of the (S)-MTPA ester derived from

the major diastereomer indicated an enantiomeric excess of 84%,” confirming the

0 Bu () H o)
H £ Bu .
2 / i/ i. O3, MeOH, -78 °C. COsMe
| i ii. BugP, 23 °C (77%). J (2.6)

22 23 26
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Partial 'THNMR Spectra (500 MHz, CDCl3) of the (S)-MTPA esters derived
from the major NaBH, reduction products of 26 and (+)-26 showing the
signal for the MTPA OMe group.

Figure 2.4. Confirmation of asymmetric induction in photocycloaddition of 1,3-
cyclopentanedione and 1,3-cyclohexanedione derived substrates by conversion to a

cycloalkanol and (5)-MTPA ester derivatization.

enantiomeric excess data obtained by "H NMR analysis of 22 and 23 in the presence of
chiral shift reagents (Figure 2.4).

Because 24 could not be isolated in pure form, the cycloaddition products obtained
upon irradiation of 13 were ozonolyzed directly to afford keto ester 27 (Equation 2.7).
Reduction of 27 with sodium borohydride afforded a mixture of diastereomeric
cyclopentanols. A 'H NMR analysis of the (S)-MTPA ester of the major diastereomeric
cyclopentanol indicated an enantiomeric excess of 68%,’* supporting the enantiomeric
excess data obtained by '"H NMR analysis of 22 and 23 in the presence of chiral shift
reagents. The discrepancy between the enantiomeric excesses determined by 'H NMR

analysis of the (S)-MTPA esters of the cycloalkanols obtained by reduction of 26 and 27

',]( O

0 <|3 i.hv, CyH, 23°C, 6 h. COzMe
ii. O3, MeOH, -78 °C. . (2.7)
iii. BugP, 23 °C (77%). 0

13 27
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and those determined by '"H NMR analysis of the photoproducts in the presence of chiral
shift reagents may be attributed to partial racemization of 26 and 27 through a B-

elimination-Michael addition sequence.

2.3.3. Photocycloaddition of 4-hydroxycoumarin-derived substrate.
In contrast to the 1,3-cyclohexanedione and 1,3-cyclopentanedione derived substrates, the
4-hydroxycoumarin derived substrate 14 afforded 28 in 89% yield and greater than 90%
olefin diastereoselection upon irradiation in cyclohexane (Equation 2.8). The enantiomeric
excess of 28, determined by reduction with lithium borohydride to the primary alcohol-

phenol and 'H NMR analysis of the derived bis-(S)-MTPA ester,’® was identical to that of

o) Bu ‘s‘\’

;2 hv, CyH, 23 °C, ="\..0
BuC 2h, 89%. He 2.8
H o070 (2.8)

0o~ 0
14 (92% ee) 28 (92% ee)
Asymmetric Induction 100%
Derived from 28 Derived from (+)-28

——1.00 L ,// \

1.04 1.01 1.04 1.01 PPM

Partial THNMR Spectra (500 MHz, CDCI3) of the bis-(S)-MTPA esters derived
from the LiBH, reduction products of 28 and (+)-86 showing the
signal for the tert-butyl group.

Figure 2.5. Enantiomeric excess determination of photoproduct derived from 4-

hydroxycoumarin.
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Selected "THNMR NOE X-ray Crystal Structure
Data of (+)-28

Figure 2.6. Determination of relative stereochemistry of photoproduct derived from 4-

hydroxycoumarin.

the photosubstrate 14 (Figure 2.5). The relative stereochemistry was determined by 'H
NMR difference NOE experiments and confirmed by single crystal x-ray analysis of
(x)-28 (Figure 2.6)."

In order to probe the origin of the high olefin diastereoselectivity in the conversion
of 14 to 28, 14 was irradiated through a uranium glass filter in the presence of
benzophenone, a triplet sensitizer. Using these conditions,’® which preclude the possibility
of a concerted reaction proceeding through an enoate singlet excited state, only 28 was
formed, indicating that the marked change in the ratio of diastereomeric exo-

alkylidenecyclobutane photoproducts could not be attributed to a change of mechanism.

2.3.4. Determination of sense of stereochemical induction in
photocycloadditions. In order to determine the sense of stereochemical induction in
these reactions allene 29 containing an internal stereochemical label of known absolute and
relative configuration was prepared as shown in Scheme 2.4. Addition of lithiated fert-
butylacetylene to the diethyl ketal of D-glyceraldehyde® afforded a separable mixture of
diastereomeric alkynols. The major diastereomer 30 was subjected to the Myers allene
synthesis sequence® previously described to afford allene 33 in 64% yield from 30. The

diethyl ketal was removed and the primary alcohol was selectively protected as its fert-
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Scheme 2.4. Synthesis of photocycloaddition substrate containing an internal

stereochemical label.

O/\iH a i
3 QJ\

Et

NHNHz

O/\_:/\
t)‘/O Bu
Et 32
C 30, R=0H d
31, R=0Ms

H Bu
H Bu H Bu /\):C=f,
c=><, f c=~< e y ‘H
TBSO/\E): H HO/\E): H O>(5
OH 35 OH 34 B & 33

TIPSO,
NP TR E c=4 fo
c==, o i
TBSO/\E)z H HO/\E)Z H BuC” #
OTIPS OTIPS &

36 29 37

(a) lithium tert-butylacetylide, THF, -78 °C, 1 h (25%). (b) MsCl, TEA, CH,Cl,, 0 °C, 30 min. (c) 1:1
MeOH-H,NNH,, 23 °C, 144 h. (d) PTAD, 1:1 CH,Cl,-Et,0, 0 °C, 5 min (64%, 3 steps). (e) H,C,0,,
MeOH, 23 °C, 48 h (65%). (f) TBSCI, TEA, 4-DMAP, CH,Cl,, 23 °C, 16 h (54%). (g) TIPSOTf, TEA,
CH,Cl,, 23 °C, 2 h (97%). (h) HFepyr, pyr—-THF, 23 °C, 6 h (79%). (i) Ph,P, DEAD, 4-
hydroxycoumarin, THF, 23 °C, 30 min (57%).

butyldimethylsilyl ether. Silylation of the secondary alcohol with triisopropylsilyl
trifluoromethanesulfonate followed by removal of the fers-butyldimethylsilyl group under
the conditions of Trost* afforded 29, which was coupled to 4-hydroxycoumarin by
Mitsunobu condensation to afford photosubstrate 37.

The stereochemistry of the newly formed carbinol stereocenter of 30 was
determined by conversion to the known lactone cis-diol 43 (Scheme 2.5).>” Successive
silylation and semihydrogenation®® of 30 afforded alkene 39. Ozonolysis followed by
permanganate oxidation®® produced acid 41, which was isolated as its methyl ester 42
following treatment with diazomethane. Treatment of 42 with methanolic HCIl afforded
43, which was identical by '"H NMR*° to an authentic sample,'® confirming the trans

stereochemical relationship of the vicinal alcohol stereocenters of 30.
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Scheme 2.5. Determination of relative stereochemistry of allene containing an internal

stereochemical label.

R OTBS OTBS

3(})\8 b o/\s/l\Z/'Bu & O/\_:)\CHO
u
Et

Et

Et Et
30, R=OH 39 40
38, R = OTBS
d
o} oTBS
HO\}/I_J\O f o’\_:/'\cozﬁ
A0
HO Et Et
43 41,R=H
= 42,R=Me

(a) DIEA, TBSOTT, CH,Cl,, 0 °C, 1 h. (b) Pd/C, pyr, H,, 23 °C, 8 h (75%). (c) O,, CH,Cl,, -78 °C, then
Me,S, 23 °C, 2 h. (d) KMnO,, pH 7, 23 °C, 6 h. (e) CH,N,, Et,0, 23 °C (39%). (f) HCI, MeOH, 23 °C,
30 min (97%).

Irradiation of 37 in cyclohexane at 23 °C afforded 44 in excellent yield as a single
diastereomer by 'H NMR analysis (Equation 2.9). The stereochemical assignments were
determined by analysis of the vicinal coupling constants and phase-sensitive NOESY data
(Figure 2.7). In particular, the observed 7.5 Hz coupling constant between C4H and C5H,
which is compatible with the dihedral angle between C4H; and C5H (17°) but not the
dihedral angle between C4H, and C5H (117°) in the x-ray crystal structure of (x)-28,*
and a strong cross peak correlating C4H and C5H in the '"H NMR NOESY spectrum®

support a cis stereochemical assignment.

TIPSO.J/\O
hv, CyH, 23 °C,
’BUYC/m 4, 90%.
H 0% o

Diastereoselection 100%

(2.9)
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2D NOE Correlations Partial Phase-sensitive NOESY Spectrum of 44 (300 MHz, CDCls)
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Figure 2.7. Determination of relative stereochemistry of photoproduct containing an

internal stereochemical label.

2.4. Discussion

From the stereochemical outcome of the photocycloaddition of 37, it is possible to
derive the allene diastereoface selectivity in the enantioselective [2+2]-photocycloadditions
documented in this chapter and construct a transition state model which accounts for the
diastereoselectivity and enantioselectivity in the formation of 44 and, by analogy, in the
formation of 22, 23, 24, 25 and 28. In this model, shown in Scheme 2.6, CB(¢) of the
triplet biradical formed upon irradiation of the enone or enoate adds to the less hindered end
of the allene on the diastereoface opposite the large tert-butyl substituent to give
intermediate 45.*> The regiochemistry of initial bond formation is consistent with
Hammond's "Rule of Five"* and the observed diastereoselection is accommodated by an
approach of the allene in which C3'H and not C2' resides over the ring. Rapid
interconversion of the diastereomeric vinylic radicals causes loss of olefin geometry (45

<> 45'"). Rotation of the fert-butylvinyl fragment in the appropriate direction to align the
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Scheme 2.6. Model for diastereofacial selectivity in allene-enone and allene-enoate

enantioselective photocycloadditions.
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biradical orbitals results in collapse of 45 and 45' to the exo-alkylidenecyclobutane
products.

The formation of mixtures of olefin diastereomers upon photocycloaddition of 12
and 13 indicates that interconversion of the vinylic radicals 45 and 45" is rapid relative to
ring closure (k; > k) in the 1,3-cyclopentanedione and 1,3-cyclohexanedione derived
systems, while the observation of high levels of stereochemical induction in the
photocycloadditions of 12, 14, and 37 indicates that the rate of reversion of the biradical
intermediate to starting material is not competitive with the rate of ring closure (k, ><ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>