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Ideality in Context: Motivations for Total Synthesis

David S. Peters¥, Cody Ross Pitts¥, Kyle S. McClymont, Thomas P. Stratton, Cheng Bi, Phil

S. Baran
Department of Chemistry, The Scripps Research Institute, La Jolla, California 92037, United
States

CONSPECTUS:

Total synthesis—the ultimate proving ground for the invention and field-testing of new methods,
exploration of disruptive strategies, final structure confirmation, and empowerment of medicinal
chemistry on natural products—is one of the oldest and most enduring subfields of organic
chemistry. In the early days of this field, its sole emphasis focused on debunking the concept of
vitalism, that living organisms could create forms of matter accessible only to them. Emphasis
then turned to the use of synthesis to degrade and reconstitute natural products to establish
structure and answer questions about biosynthesis. It then evolved to not only an intricate science
but also a celebrated form of art. As the field progressed, a more orderly and logical approach
emerged that served to standardize the process. These developments even opened up the
possibility of computer-aided design using retrosynthetic analysis. Finally, the elevation of this
field to even higher levels of sophistication showed that it was feasible to synthesize any natural
product, regardless of complexity, in a laboratory. During this remarkable evolution, as has been
reviewed elsewhere, many of the principles and methods of organic synthesis were refined and
galvanized. In the modern era, students and practitioners are still magnetically attracted to this
field due to the excitement of the journey, the exhilaration of creation, and the opportunity to
invent solutions to challenges that still persist. Contemporary total synthesis is less concerned with
demonstrating a proof of concept or a feasible approach but rather aims for increased efficiency,
scalability, and even “ideality.” In general, the molecules of Nature are created biosynthetically
with levels of practicality that are still unimaginable using the tools of modern synthesis. Thus, as
the community strives to do more with less (i.e., innovation), total synthesis is how focused on a
pursuit for simplicity rather than a competition for maximal complexity. In doing so, the
practitioner must devise outside-the-box strategies supplemented with forgotten or newly invented
methods to reduce step count and increase the overall economy of the approach. The downstream
applications of this pursuit not only empower students who often go on to apply these skills in the
private sector but also lead to new discoveries that can impact numerous disciplines of societal
importance. This account traces some select case studies from our laboratory over the past five
years that vividly demonstrate our own motivation for dedicating so much effort to this classic
field. In aiming for simplicity, we focus on the elusive goal of achieving ideality, a term that, when
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taken in the proper context, can serve as a guiding light to point the way to furthering progress in
organic synthesis.

Graphical Abstract

Ideality: An Inconvenient Truth

% ideality =

[(no. of construction rxns) + (no. of strategic redox rxns)] 100
x

(total no. of steps)

[14 natural product syntheses analyzed]
[total number of steps = 141]
[number of non-strategic reactions = 53]
[2016-2020 only 62% ideal]

WHAT DID WE LEARN?

INTRODUCTION

The term “ideality” in the context of organic chemistry was introduced in 2010 to pinpoint
flaws in a synthetic sequence.? Inspired by Hendrickson’s seminal studies on efficiency in
synthesis it simply states that in order for a synthesis to be /deal, it must only create skeletal
bonds of a molecule without recourse to extraneous functional group manipulations,
protecting group sequences, or nonstrategic redox fluctuations (concession steps).*
Calculating ideality is rather elementary: the total number of strategic steps is divided by the
total step count. Like any singular metric that characterizes a synthesis (yield, step count,
atom economy), ideality does not tell the whole story. For example, a two-step synthesis
where the first step generates all of the key skeletal bonds followed by a deprotection would
only be 50% ideal but clearly superior to a 10-step approach with 80% ideality.? Similarly,
in certain cases it might be valuable to introduce protecting groups or additional steps to aid
purification on a large scale. It thus represents an inconvenient truth as even the two-step
synthesis mentioned above could be improved. Syntheses are best judged using not only
ideality but also by considering step-count,® atom-economy,’ redox-economy,8 overall yield,
convergence,® number of isolated intermediates, 19 and, most importantly, the context. For
example, on process scale, although ideality has been used for route scouting,1! various
descriptors for overall efficiency that even take into account the quantity of solvent usage are
of critical importance (e.g., process mass intensity).12 In radio-chemistry, most of the above
variables do not apply as convergency, time, and cost of the radiolabeled element matter
most.13 In medicinal or discovery chemistry, the ability to divergently and quickly access
multiple vectors of SAR space from a common intermediate is usually more important than
overall step count.13 In an academic setting, particularly in natural product synthesis,
ideality can be a useful rubric to employ not only at the planning stages and execution, but
also in a final analysis when the synthesis is complete. Figure 1 outlines natural product
syntheses that our laboratory has completed over the past five years (2016—2020) along with
a minimalist retrosynthetic depiction. This account will dive into the motivations for
pursuing most of these molecules, what was learned as a consequence, and the lessons of
reflecting on the ideality of the final routes (these lessons will be highlighted in bold at the
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end of each section). The syntheses are graphically illustrated to highlight key reactions and
the strategic (blue) or nonstrategic (red) nature of the steps employed. Natural products that
leverage two-phase terpene synthesis (phorbol, thapsigargin, and Taxol) will not be covered
here as the logic underlying those syntheses has been reviewed elsewhere.14

Antroquinonol A (3)15 is a natural product of mixed biosynthetic origin, containing a
polyketide-derived quinone portion coupled to a linear diterpene fragment (Figure 2). It was
brought to our attention as a target of interest by medicinal chemists at Bristol-Myers-
Squibb due to its remarkable anticancer activity.16 In fact, it was granted orphan drug status
by the FDA for treatment of pancreatic cancer and acute myeloid leukemia. Multiple phase
Il studies promoted the use of 3 in a wide range of indications from Alzheimer’s disease and
atopic dermatitis to the treatment of COVID-19.17 As the mechanism of action for 3 was
(and still is to our knowledge) unknown, a modular and scalable synthetic strategy was
devised commencing from inexpensive benzaldehyde derivative 1. The key step involved
enantiocontrolled vicinal difunctionalization of quinone 2 by enlisting an organocuprate
addition, followed by alkylation with farnesyl bromide. Upon stereocontrolled reduction to
install the remaining hydroxyl group, deprotection led to gram quantities of 3. With copious
quantities in hand, a barrage of biological assays (/n vitroand in vivo) revealed no
appreciable cytotoxic activity. It was thus concluded that the enthusiasm associated with
initial findings might be due to an impurity in the natural product isolation process rather
than 3 itself. The continued use of 3 in clinical trials remains an enigma. Even so, this six-
step synthesis achieved all of the goals set forth at the outset in that it provided ample
material for extensive biological tests and offered a roadmap for the synthesis of analogs
(although this turned out to be unnecessary).However, the 50% ideality points to key
problems still remaining in synthesis such as the difficulty in chemoselective
manipulation of quinones in their native form.

In contrast to the motivations guiding the synthesis of 3, the pursuit of the plant-derived
natural products pallambins (8a and 8b) was motivated solely on the basis of structural
beauty (Figure 2).18 The retrosynthetic analysis was predicated on the notion that four
sequential cyclization/annulation events could consecutively form each ring system. This
carefully choreographed sequence, beginning with furfuryl alcohol 4, commenced with a
tandem Eschenmoser—Claisen/reduction followed by a Robinson annulation and vicinal
difunctionalization to furnish enol ether 5. The furan served as a masked 1,4-dicarbonyl
compound that could be strategically unveiled, thus setting the stage for the next cyclization
delivering 6. A nonstrategic debromination followed by desaturation and elimination
provided furan 7. The final sequence accomplished a formal annulation forging both C—C
and C—O honds of the jy-lactone that could be immediately subjected to an aldol reaction
with acetaldehyde to deliver 8a and 8b. While the ideality of this route is high, it is not
without warts. For example, the route is linear in nature and one could imagine reducing
the step count if a more convergent approach were devised. Additionally, although the
use of a furan to shield a 1,4-dicarbonyl group is an often-used tacticl® and does put in place
the needed functionality for the ensuing cyclization, it is debatable whether such a sequence
is truly strategic. An even more direct approach would involve the cyclization (perhaps
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through SET oxidation) of the enol ether and furan groups in 5 to deliver a nonbrominated
structure analogous to 6, perhaps obviating the need for nonstrategic debromination and
elimination steps.

In the case of maoecrystal V (14),20 a popular plant-derived natural product target, the goal
was to develop a scalable route to address the unanswered questions surrounding its reported
anticancer activity (Figure 2).21 In stark departure from four prior approaches that were all
wedded to intuitive Diels—Alder disconnections,?? a convergent approach loosely mirrored
on the proposed biosynthesis?3 was chosen that, on paper, would dramatically simplify and
shorten the route. Thus, fragment 10, derived from cyclohexenone 9 via enantioselective
conjugate addition and intramolecular Sakurai cyclization, was merged with enone 11 to
generate the key C—C bond linkage, which upon heating with PTSA smoothly afforded key
intermediate 12 after a pinacol rearrangement. Although this was a powerfully short entry to
the synthesis, extensive optimization was required to install the remaining two carbon atoms,
the proper stereochemistry, and the requisite oxidation state found in the natural product.
This was accomplished through the following carefully choreographed sequence involving:
(1) a La-directed, site-selective, and stereocontrolled aldol with formaldehyde, (2) a Zn-
assisted stereoselective ketone reduction, (3) a strategic hemiketal formation followed by
stereoselective cyanide addition, and (4) a cascade oxidation sequence to install the enone in
14. Ultimately, with a copious supply of 14 in hand we were able to conclude, as with
antroquinonol (vide supra), that the initial enthusiasm associated with the differential
cytotoxicity reported for 14 was likely due to an impurity in the initial isolate. Although the
ideality of this route was high (73%), it suffered from two protecting group
manipulations and an extraneous redox fluctuation. These concession steps were
required to set the stage for the fragment union and pinacol shift, and use of a DNB
protecting group stemmed from a need to prevent the wrong hemiketal from forming.

Our longstanding interest in the marine-derived pyrroleimidazole alkaloids?4 inspired
investigation into a conceptually related family of alkaloids bearing a striking set of
repeating indole-imidazole subunits called the araiosamines (Figure 2).2° The synthetic
challenge posed by these exotic polycyclic architectures was the sole justification for their
pursuit in our laboratory. A hypothesis driving our key retrosynthetic disconnections was
that their complex structures could be unraveled by invoking a thermodynamic cyclization of
a suitably functionalized guanidine-containing indole trimer dubbed prearaiosamine 21.26
While initial studies on ambitious cascade trimerizations of indole-based building blocks
failed, a more stepwise approach ultimately proved successful. The construction of the
requisite indole trimer 19 could be accomplished using Mannich and aldol reactions with
three simple building blocks: an imine derived from 15, nitrile 16, and ester 17. This enabled
clean differentiation of the requisite functionality necessary for installing guanidines at key
positions. A particularly recalcitrant guanidine installation required the invention of a new
reagent for this purpose (18, currently sold by Millipore-Sigma as “TurboGuan”).
Subsequent adjustment of the ester oxidation state, setting the remaining amino stereocenter,
and appending the second guanidine unit arrived at a functional precursor to pre-
araiosamine, 20. Finally, submission of this precursor to PPTS in warm water led to targets
22a and 22b presumably by way of a thermodynamic equilibration. Ironically, biological
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evaluation of the natural products revealed interesting antibacterial activity despite original
reports to the contrary, unlike the seemingly promising isolation studies on 3 and 14. The
complexity of the target and its challenging physical properties resulted in a route with only
64% ideality, and while not mentioned above, the stereoselectivity of certain steps was also
low (1:1) despite extensive optimization. If trimerization of the simple indole building
blocks could be achieved in a controllable fashion, most of the issues of this synthesis
could be resolved. This points to unresolved chemical challenges in aldol/Mannich
chemistry that Nature has mastered.

Our interests in large peptidic macrocyclic natural products such as lugdunin?? (24)
stemmed from a long-term collaboration with Bristol-Myers-Squibb (Figure 3).
Traditionally, macrocyclization strategies to access native cyclic peptides utilize kinetic,
irreversible amide bond-forming methods; the premise of this work was to explore a
thermodynamic approach. The existence of macrocyclic peptides bearing imines (or
derivatives thereof, e.g. 24) inspired an exploration into an imine-based macrocyclization
pathway.28 This approach enabled the rapid synthesis of linear amino-aldehyde precursors
that upon exposure to a buffered aqueous solution and suitable trap yielded a thermodynamic
product via an imine intermediate.2’ Studies demonstrated that preorganization of the linear
precursors played no role in the final product formation. In other analogues, one could also
see striking selectivity for the Aterminus versus adjacent unprotected lysine residues. To
demonstrate the value of the approach, a short total synthesis of 24 from 23 was achieved via
solid-phase peptide synthesis (SPPS) using a resin-bound hemiaminal followed by tandem
cleavage/cyclization. Notably, 24 attracted worldwide interest due to its striking antibacterial
activity and origin from the human microbiome.2? Clearly the route benefits from the
industrialization of SPPS that makes peptide synthesis so routine. Yet, from an ideality
standpoint (43%o), one cannot ignore the incessant protecting group manipulations that
are required to facilitate such sequences. An interesting challenge for the field, one that
has seen some recent progress,3? would be to reduce the reliance on these concessions.

The cladospolides 29a and 29b are polyketide-derived natural products that bear a distinct
diol motif (Figure 3). Although 1,2-diols traditionally call for a dihydroxylation transform,
an alternative strategy was sought. Tartaric acid has historically been used as a diol
“cassette” by way of laborious reduction— oxidation-Wittig sequences that often suffer
from a lack of geometric control of the olefin product. For example, a prior route to 29
utilized an 18-step sequence where the desired olefin geometry was not controlled, leading
to product mixtures and reduced yield.3! Our interest in radical retrosynthesis3? triggered a
direct disconnection of the C—CO,H bond in tartaric acid to controllably replace it with a
geometrically defined alkene-based nucleophile via decarboxylative alkenylation.33
Sequential use of this cross-coupling on one of the carboxylate moieties, with a
decarboxylative alkylation on the other, could allow for a modular approach to a myriad of
diol-containing structures. In fact, such an approach accessed cladospolides B 29a and C
29b from the chiral pool derived L- and p-tartrate esters 25b and 25a, respectively. Thus,
commercially available tartrate 25a was submitted to two sequential decarboxylative
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couplings with alkyl zinc 26 and vinyl zinc 27 to afford protected seco-ester 28 and
intercepting, in 6 steps (LLS), the prior 14-step route.3! Despite the brevity of this
approach, some concession steps were required, namely the use of protecting group
manipulations to facilitate the modular nature of this sequence, resulting in a modest
ideality score of 43%. Some protecting groups could conceivably be excised (e.g., TBS);
however, many of those employed were tactical, and function beyond their ability to block
the reactivity of a functional group. For example, the acetonide locks the diol ring
conformation to enable diastereoselective coupling, while ester hydrolysis allows for
iterative control of the cross-coupling steps.

The prostaglandins, a storied class of molecules, have remained popular targets for the
synthetic community.34 PGF,,, 34 is among the family’s most notable members and has
several important medical applications (Figure 3). The retrosynthetic analysis toward
PGF,,, as with 29a and 29b, involved iterative scission of its two side chains: alkyl
fragment 31 and alkene 33, tracing back to the commercially available Corey lactone 30.3°
This disconnection enabled the modular assembly of PGF,,, in four steps with 50% ideality
via decarboxylative alkyl and alkenyl cross-couplings, thus leveraging functionality native to
30. While the initial redox manipulation and hydrolysis/TBS protection step are nonideal,
they are counterbalanced by the brevity of the route, which carries the potential to access
innumerable medicinally relevant analogues of PGF,,, via simple cross-coupling. It is worth
reiterating that in the syntheses of 29a, 29b, and 34, one is not wedded to the strict rules for
controlling olefin geometry in classic reactions (e.g., Wittig olefination) during the
retrosynthetic plan since it is programmed by way of cross-coupling. That said, the above
routes still illustrate how far we have to go when it comes to controlling
chemoselectivity without resorting to protecting group chemistry.

The arylomycins3 are an old class of natural product antibiotics that regained notoriety in
2008 stemming from seminal findings from the Romesberg group3” that served as a basis for
further development at Genentech (Figure 4).38 Upon our entry into the area, only one
macrocyclization strategy, intramolecular Suzuki coupling,372:39 was available to forge the
key macrocyclic core 38; however, this route was lengthy (14 steps) and posed problems of
material throughput (6.4% overall yield, 36% ideality) in the ongoing medicinal chemistry
campaigns (RQx and Genentech).

This key building block not only represented a formal synthesis of 3939 (Figure 1) but was a
gateway to a wide variety of analogs. Due to its peptidic nature, our retrosynthetic analysis
was predicated on the use of amino acid building blocks and, by mimicking biosynthesis,
necessitated the use of C-H functionalization logic to obviate concession steps associated
with prefunctionalization of the phenolic building blocks. This allowed a simple
unfunctionalized tripeptide 37 to serve as the macrocyclic precursor, which was synthesized
through an N-methylation (of tyrosine 35 to form 36) and peptide coupling sequence. Thus,
the main hurdle was uncovering conditions best suited for the oxidative macrocyclization of
the arylomycin core tripeptide. While nearly all conceivable oxidation methods explored
were fruitless, copper-oxo complexes proved viable, and extensive optimization ultimately
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led to a 60% yield on gram-scale. Development of this route dramatically increased access
to supplies of the arylomycins and their analogs for academic research,? and the technology
was ultimately licensed by Genentech for use in their ongoing drug discovery effort. While
overall yield was dramatically increased and step count nearly cut in half, the ideality
remains at 63%, pointing mainly to the common shortcomings of peptide synthesis as
discussed before.

As part of a longstanding collaboration with LEO Pharma to pursue complex natural product
synthesis in medicinal chemistry, the subglutinols became targets of interest due to their
reported immunosuppressive activity (Figure 4).41 Historically, such structures have been
synthesized using purely polar-bond disconnections resulting in long sequences plagued by
redox-manipulations and functional group interconversions.*2 Our strategy was guided by a
desire to access as many members of the family as possible through a divergent approach
enlisting a practical and scalable path to a common core followed by methods to controllably
access the many substitution patterns and stereochemical configurations.#3 Modular,
divergent approaches are always ideal in medicinal chemistry, and due to the diversity of
methods for cross-coupling of differentially halogenated aromatic precursors, they are often
straightforward to plan. Conversely, designing such an approach for a complex,
stereochemically ornate natural product is uncommon. We began with the preparation of the
key precursor 41 (from 40) that represented the point of divergence, featuring an
electrochemical variant of Snider’s radical polycyclization.4 After decarboxylative
allylation, epoxidation and reduction could control the C-8 stereocenter in 42 (the opposite
configuration was also accessed selectively). Following hydroboration/ oxidation, the C-4
position was primed for use of a recently developed decarboxylative Giese reaction to set the
C-4 stereocenter.*> The C-12 center, in turn, could then be stereoselectively installed via a
decarboxylative C-C alkenylation en route to 43 as employed in the syntheses of 29 and 34
(Figure 3).33 The alternate stereoisomer could be accessed from the same intermediate by
using a conventional Wittig/ metathesis sequence. These radical methods were essential in
simplifying this problem to reach not only 44 and three other members of the family but, in
principle, a wide variety of analogs in a controlled fashion.#2246 Radical retrosynthesis,
beyond canonical Stork-Curran type cyclizations, clearly offers unusual benefits to address
the salient issues of this natural product class. The less than perfect ideality (73%) is
reflected in the need for vestigial PG manipulations and redox fluctuations to enable
decarboxylative couplings and olefination.

The herquline family of natural products, including herquline C*#7 (49), has intrigued and
confounded the synthetic community since their first isolation by Omura in 1979 (Figure 4).
48 Centered on a [6.12.6.6] tetracyclic core, these strained alkaloid natural products possess
an unusual reduced dityrosine cyclophane moiety. Successive NADH-mediated reductions
are involved in the biosynthesis (from the parent dityrosine macrocycle); we therefore*?
sought to recapitulate Nature’s direct and ideal strategy toward the herqulines in our own
synthetic effort. Beginning from appropriately substituted iodotyrosines (45 and 46), a
straightforward sequence rapidly led to the 12-membered macrocycle 47,50 setting the stage
for the key reductive endgame. After testing every conceivable variable from reaction
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conditions to order of operations, it was ultimately discovered that leveraging a Birch
reduction on this highly strained macrocycle was a tractable solution. For the next reduction,
Ir-catalyzed, silane mediated conditions were singularly effective in delivering the desired
piperazine 48 in 86% yield on gram scale.> Ketalization of the vinyl methyl ether found in
48 proved pivotal to enable the final Birch reduction. This was presumably a consequence of
the newly installed sp3 center that both changed the conformation of the macrocycle and
removed a problematic double bond prone to over-reduction. In using biosynthesis to guide
the design, we were able to execute a simple and direct synthesis of the herqulines. In fact,
apart from the necessary ketalization step, all maneuvers conducted en route to the natural
product were strategic (87% ideality). That step is a reminder that methods for chemo-
selective arene reduction are still missing from the chemist’s toolbox.

Teleocidins®? are bacterially produced,>3 potent inhibitors of protein-kinase-C activation®
exhibiting a hybrid amino-acid/terpene based biosynthetic origin (Figure 4).%5 In Nature,
these compounds are generated as a mixture of different isomers and reported synthetic
routes have similarly led to mixtures of isomers.?8 This stems from the challenging problem
of long-distance stereochemical relay across molecular architectures. A convergent strategy
was devised wherein the indole-containing portion was formed first using chiral-pool
derived building blocks and then fused using a catalytic stereoselective method to append the
terpene portion. Commencing from 4-bromoindole (50), the valine subunit was appended
through electrochemical amination using an amidine-based ligand to access 51.57 The C- 3
tryptophol side chain was established through metalation and chiral aziridine ring opening.
After macrolactamization and protection of the primary alcohol to form 52, the stage was set
to couple this fragment with a suitable polyunsaturated hydro-carbon after priming the C-6
position for coupling through C- H borylation.>8 With the boronic acid in hand after
hydrolysis, application of Sigman’s redox relay Heck reaction with homoallylic alcohol 53
cleanly forged the desired quaternary center in 54 with admirable control (6.6-7:1 d.r.).>°
Note that both isomers are found in the natural products, and simply changing the
stereochemistry of the ligand delivered the opposite selectivity. The redox-economic nature
of this powerful C-C bond forming method also prefaced the final ring closure, which was
achieved via simple vinyllithium addition/Friedel-to generate a key Crafts alkylation
sequence to provide 55. Only modest control could be achieved in this final step as a
function of the Brgnsted acid employed. Of the 11 steps, 36% of them involved unfortunate
protecting group manipulations due to chemo-selectivity/reactivity requirements of the
key skeletal bond forming reactions. Finally, the C-H borylation may seem strategic and
did indeed simplify the synthesis, but an even more direct approach would have been C-6
palladation followed by Heck to avoid the intermediate C-B bond that is not found in the
target.

Tryptorubin A%0 (62), isolated by Clardy in 2017,%1 is a peptidic macrocycle bearing a
remarkable oxidatively fused skeleton wherein one tryptophan is interconnected with
neighboring tyrosine and tryptophan residues through C-N and C-C linkages respectively,
creating significant strain (Figure 5). Our motivation for pursuing 62 was based purely on
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chemical curiosity as no bioactivity was reported for this family. The synthesis (starting with
iodotyrosine 56) was designed using a convergent strategy wherein an Ullman-derived®2
macrocyclic Ala-Trp-Tyr construct (59) could be coupled to a preoxidized Trp
(pyrroloindoline)-Tyr (60) using Movassaghi’s Friedel- Crafts arylation%3 to generate a key
quaternary center. In practice, the natural product could only be obtained by using the
indoline 59 rather than the indole 58. After appending the final amino acid (lle) to provide
61, macrolactamization and reoxidation of the indoline to indole delivered 62 as a single
isomer. At the outset, neither our group nor Clardy’s team had any idea that this natural
product could possibly exist as a different isomer. In fact, our original synthesis used
intermediate 58 following a similar route to deliver an isomer of 62 whose identity was
uncovered as the noncanonical atropisomer of 63. For geometric reasons, the indoline
oxidation state served to enforce the formation of only one isomer. Given the increased
interest in complex macrocycles in drug discovery,54 this kind of isomerism may be
important to consider during the planning stages of synthesis and may be more widespread
in natural product chemistry than previously appreciated. Had we carried out the initial
synthesis with such a plan, this unusual type of isomerism in natural product chemistry may
not have been uncovered. From an ideality standpoint this synthesis clearly suffers from the
challenges that plague most peptide syntheses: an overreliance on PG chemistry. In
addition, the extraneous redox-fluctuation brought about by the indole-indoline-indole
sequence clearly points to the difficulty in controlling planar chirality.

Maximiscin® (70) is a natural product of mixed biosynthetic origin that results from the
union of three separate metabolic pathways. The molecule exhibits unique structural
features, including the peculiar linkage between the A-hydroxypyridone and polyketide-
derived fragments that exists as a mixture of interconverting atropisomers (Figure 5).56 This,
along with its reported anticancer activity,5” motivated our efforts to pursue its synthesis. A
bold late-stage pyridone synthesis was envisaged to cleave the central ring and produce two
equally sized fragments 67 and 69. Application of radical retrosynthetic logic and the
recognition of hidden symmetry via a desymmetrizing C-H activation allowed this highly
convergent approach to begin from mesitylene-derived carboxylic acid 64 and shikimic acid
68. These plans were rapidly put to practice through hydrogenation of 64 leading to a meso
carboxylic acid that after a remarkable desymmetrizing C-H activation produced 65 whereby
all four stereocenters of the saturated ring were simultaneously defined. Thereafter, directing
group cleavage delivered a transient lactone, which was hydrolyzed and directly subjected to
a decarboxylative homologation cascade. This carefully orchestrated step, proceeding in
>90% yield (gram-scale) utilized a unique Ag/Fe cocatalyst system to both establish the
hindered C-C bond with concomitant stereoinversion and effect tandem oxidation of the
aldehyde via a 1,5-hydrogen atom transfer (HAT). Subsequently, Wittig olefination, sulfone
oxidationalkylation, and acylation with Mander’s reagent followed by /n situ hydrolysis led
to diacid 66. The pivotal union of both fragments necessitated the use of reaction partners
with enhanced reactivity: a trimethylsilyl-substituted oxime ether and a diacy!l triflate
electrophile generated /n situ. This push-pull activation system (“aza-Sakurai”’) enabled the
construction of the atropisomeric central pyridone ring and provided maximiscin in a 10-step
LLS (60% ideality) after deprotection. While concise, common issues relating to C-H
activations employing directing groups, a redox fluctuation resulting from a nonideal radical
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acceptor, and deprotection of a polyol plagued 40% of the steps. This highlights the need
for further development of C- H activation methods directed by native functionality
that obviate the need for directing group manipulations.

Tagetitoxin®8 (75, Figure 5) is a complex alkaloid that has been of intense interest to the
scientific community for nearly a century due to its controversial structural assignment
(revised 3 times, absolute configuration and optical rotation unknown),59 its collection of
remarkable chemical features (fully oxidized cyclopentane core, multiple polar functional
groups, more heteroatoms than carbon atoms), and unprecedented bioactivity (novel
mechanism of RNA polymerase inhibition).”® Motivated by those compelling attributes, our
assembly of the fully oxidized cyclopentane core of tagetitoxin commenced from the
commaodity chemical furfural (71) via sulfonamide condensation followed by a Mannich-
based amino ester synthesis and subsequent oxidative furan rearrangement to furnish 72 in
high yield and diastereoselectivity. To install the chiral sulfide functionality, a thio-[3,3]-
rearrangement of a suitably substituted allylic alcohol was executed through a sequence
involving p-cyanobenzoyl protection, stereoselective Luche reduction, thio-CDI adduct
formation, and heating followed by acidic hydrolysis to deliver 73 as a single diastereomer.
A thio-Michael addition/catalytic dihydroxylation/bromocyclization sequence afforded the
fully substituted bicycle 74. To complete the synthesis of 75, the key phosphate group was
installed using the chiral P(V) reagent (+)-¥,”* which was singularly successful in forging
the key P-O bond and allowed for crystallization and divergent synthesis of each
enantiomeric form of 75. The accompanying concession steps were carefully planned
deprotections necessitated by the extremely polar nature of 75 along with the oxidative
removal (SeO,) of an extra sulfur atom from the ¥-adduct. Employing an RNA polymerase
assay on each enantiomer then allowed for assignment of (+)-75 as the natural isolate. The
low ideality of this 15-step route to 75 (60%) is unsurprising given the challenge of
manipulating such a polar molecule. This synthesis highlights the need for chemoselective
methods that reduce reliance on PG manipulations and strategies for the late-stage
incorporation of such functionality in their native form.

CONCLUSION

It is amazingly hard to find a simple solution. A complicated one is relatively easy.
Elon Musk

The progression of organic chemistry can be closely linked to increases in the simplicity and
scalability of total syntheses during a given era, just as the age of a tree can be estimated by
measuring its growth rings. For example, most skilled practitioners can examine a total
synthesis and without knowing when it was published, roughly estimate the decade in which
it was reported. New methods and strategies drive the evolution of synthesis to greater levels
of ideality, which facilitates an objective and dispassionate analysis of how far we still have
to go. This account chronicles the mativations for some of the molecules we have pursued
over the past five years along with the sometimes-sobering lessons unearthed by aiming for
the ideal synthesis. Several themes emerge from such an analysis that point to future
directions in the field, some of which were highlighted above in bold. The syntheses of
antroquinonol A,15 pallambins,8 and araiosamines?® show how far the field has to go in
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terms of site-selective C-C bond formation in molecules with only subtle electronic
differences between functional groups. Herqulines,*7 tryptorubin A,%0 and cladospolides33
remind us of the nonideal, yet often-employed, tactic of controlling selectivity through
changes in oxidation state or temporary protection rather than through reagent/catalyst
control. Maoecrystal V,20 prostaglandins,33 and subglutinols*3 used powerfully simplifying
reactions for their rapid construction yet still suffered from superfluous redox changes that
set the stage for such maneuvers. Lugdunin,?” arylomycin,3® tryptorubin A, and
tagetitoxin®® illuminate the reliance we still have on protecting group chemistry as a result
of nonchemoselective reactions. Finally, teleocidins®2 and maximiscin®® show the potential
of C-H functionalization logic to simplify synthesis, even when those substrates require
extra effort to install directing functionality. We also note that several of the syntheses above
benefitted from a strategy of employing tandem one-pot sequences of mutually compatible
reactions to further streamline routes. This is loosely analogous to biosynthesis where, for
example, C-C bond formations, oxidations, and reductions can routinely happen in the same
“vessel”. The continuous pursuit of mild and chemoselective methods will make such
tandem sequences even more common.

Evaluating syntheses through the lens of ideality can pinpoint areas of methodology and
strategy that can have the greatest impact in pushing the field forward. Over the decades to
come, as the shortcomings delineated above drive solutions, the syntheses of this era will
appear ancient; such an outcome can only happen through the hard work of continuous
innovation and creative invention of the organic chemist.
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Figure 1.
Select molecules synthesized in our laboratory over the past five years.

Acc Chem Res. Author manuscript; available in PMC 2021 March 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Peters et al.

(+)-antroquinonol A

OMe
neopentyl- ZnMe;
MeO. H,0. 2
e 20, PIDA glycol . 0 Cul,*

—e o> Mo

L-Selectride

MeO [6-step LLS] then, fa{nesyl
0% [enantioselective] MeO bromide !
[>1 gram prepared] :
d [reevaluation of biological activity] O2 i _[50%id

[3 strategic]
: [3 non-strategic]

K10 Clay

eality]

(#)-pallambins C and D

oM /
Me; N+Et BF3-OEt, H
= ove X MgBr Ozl TiCla  (MeO),CH -
——— 0>
o CuBr-DMS then, AcBr [o} 4 6
TMSCI _ S~o0
Me [11-step LLS] o M

[enol ether difunctionalization

method developed]
MeO,C. CO,Me
NaOH B / H PPTS ool AIBN
then, NEty SnCly, I pyridine © "BusSnH
= Me
o} :
then, LIHMDS, o 7 then, H,O,
meH HH Me acetaldehyde Me <L o= i strategici
8a: pallambin C = (2) e (NEE, Ny LA ! [2 non-strategic] }
8b: pallambin D = (E) + [82% ideality]
(-)-maoecrystal V
MgBr
T™MS
(Zo oyt EtACl, NaH,Me,SO; PySOs %,é
o) then, LiOH then, PTSA
9 A et o ome 10 " Me tiolome
PhO,S” 8 strategic] [11-step LLS] H*
then, Ac,0 3 non-strategic] [bio-inspired pinacol shift]
i [73% ideality] 3 [ ion of bi ical activity]
NaHMDS "
MsOH, Me TFA,  LaClz2LiCl e
bMDo HC(OMe); PTSA  hc(OMe);  CH,0
-—Q@———@— Me
then, Inls, Mgl,  then, Znl,, we HO 0 then,  then, Zn(OTf, Me o W
then, DMP TMS(?N DNBO' o DNBCI LiBH4 Me
then, Oxone then, LIOH 13 12
then, HCI
(#)-araiosamines C and D ReHN NTFA
215 217 Y NR? PPTS, HC(OMe);
OH RE_CN g  RE_COMe Ny )y then, DMP
1BX LiHMDS reagent  LiHMDS TFA 48 (\ J° HN" °NH DIBAL then, NH,OH
Bi 2 then, BocNH; then, {BUNH, R!
N 5 2 then, 'BuNH; g . (TurboGuan)
15 H PhSO,Na R' = 6-bromo-indol-3-yl then, DDQ R! —CO,Me Smly
[rendered enantioselective R?= NeBoc-6-bromo-indoly-3-y1 R
using Ellman’s auxiliary] .- R®=Boc [11-step LLS]
[7 strategic] [new et ion reagent
1 [4 non-strategic] 3 T ES e sy HgCl,

[64% ideality]

22a: araiosamine C

N
H 22b: araiosamine D

(v n Y i 2]
[reevaluation of biological activity]

21: pre-araiosamine 20

R3HNZ “NHR?®

Figure 2.
Select total syntheses from 2016.
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Figure 3.

Select total syntheses from 2017; TCNHPI = tetrachloro- A~hydroxyphthalimide.
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Figure 4.
Select total syntheses from 2018 and 2019.
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Select total syntheses from 2020.
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