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ABSTRACT: This perspective goes into the fine details of our laboratory’s quest to answer a longstanding fundamental
question: Could any new approach to terpene synthesis, perhaps one patterned on biosynthesis, enable a divergent
synthetic approach to the taxane family of natural products? We targeted Taxol®, the flagship taxane, as the upper limit
of chemical complexity and employed two-phase terpene synthesis logic as the guiding strategy. The first synthesis target
was taxadiene, the lowest oxidized member of the taxane family, followed by three site-selective allylic oxidations at Cs,
C10, and C13, which led to the two-phase synthesis of taxuyunnanine D. Successful Cg oxidation enabled access to a wider
range of taxanes, which was demonstrated by the two-phase synthesis of decinnamoyltaxinine E and taxabaccatin III.
The final two sp3 C—H oxidations at C1 and C7 were attained by dioxirane-mediated C—H oxidation and an oxidation relay
based on judicious substrate design, culminating in a two-phase synthesis of Taxol®. The purpose of this perspective is to
articulate strategies and tactics developed for the two-phase synthesis of taxanes, whose lessons can be potentially
extrapolated to medicinal chemistry endeavors in the taxane family, as well as to the synthesis of other terpene families.
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1. Introduction

1.1 Background of Taxol®

Taxol® (1.1; Figure 1) is a natural product of great
significance:* its potent anticancer activity led to
worldwide academic and industrial research, resulting in
its use as a life-saving medicine since 1992.34 It is still
prescribed today in generic form as paclitaxel, and in
alternative formulations such as Abraxane® (albumin-
bound).5 There is also a structural derivative called
Taxotere®, which, together with Taxol® (1.1), are on the
World Health Organization's List of Essential
Medicines.%7”

H
OBz
Taxol® (1.1, paclitaxel)

Figure 1. The structure of Taxol® (1.1) and its skeletal
numbering system.

At the outset, procuring a large amount of Taxol® (1.1)
relied on an environmentally destructive isolation process
from the bark of the Pacific yew tree.2 A semisynthetic
route alleviated the environmental burden, as the
building blocks were then isolated from a renewable
resource (twigs and needles from the European yew
tree).8-1° More recently, a synthetic-biology-based route
using plant cell fermentation (PCF) technology has
allowed the direct preparation of 1.1 on metric ton
scale.1b12

Taxol® (1.1) and related taxanes comprise a large family
of more than 450 diterpene natural products.’
Structurally, 1.1 is a polycyclic diterpene possessing a
conformationally flexible medium-sized ring adorned
with a multitude of similarly reactive secondary alcohols.
The medicinal importance of Taxol® (1.1), coupled to the
densely assembled functional groups and its unique 6-8-
6 tricyclic carbon skeleton, has been of tremendous
interest to the synthetic chemistry community.'4'5 In the
early 1990s, at least 30 teams competed in order to
achieve the first synthesis of 1.1. Even after the first
synthesis, numerous groups investigated efficient
synthetic routes to this molecule, which is reflected in
their convergent retrosynthesis.”7-29 Although the supply
problem is now solved thanks to PCF, all of these teams
presented elegant synthetic routes, enriching the field of
organic chemistry and educating >100 chemists in the art
of synthesis. Even in recent years, research groups around
the globe have been working on the synthesis of the taxane
family, each of them testing new reaction
methodologies,3° technologies¢ or retrosynthetic logic.3
What is common to the existing syntheses of Taxol® (1.1)
is that actual taxane cores (compounds containing the
full, non-rearranged, 20-carbon skeleton) are not
accessed until very late in the synthetic sequence. This
was done, presumably, to improve synthetic convergency.
For molecules of this size and complexity, such a strategy

is sensible from the perspective of conventional
retrosynthetic analysis.3?

1.2 Two-Phase Synthesis

Nature’s terpene biosynthetic machinery is superior in
producing maximum analog diversity from a common
scaffold due to its encoded evolutionary logic. Thus, a
synthesis campaign was initiated in 2007 to pattern the
logic of two-phase biosynthesis onto a chemical synthesis
of highly oxidized terpenes (e.g., eudesmantetraol; Figure
2 left)3334 in order to test the question of whether such a
biomimetic strategy would enable an efficient and
divergent synthesis in the laboratory as well. The risk
associated with such a strategy is that a purely chemical
synthesis would not possess the enzymatic tools to install
oxygenation in a chemo- and site-selective fashion. Such
an approach would thus encourage invention of new
methods and an exploration of the innate preferences of
C—H functionalization in complex terpene hydrocarbon
skeletons. The successful eudesmane campaign gave
some confidence that such an approach would be viable.
Thereafter, a number of examples of two-phase terpene
synthesis from our laboratory (ingenol35-37 phorbol,3® and
thapsigargin3?4°), as well as from other groups (e.g.,
Sarpong's phomactin terpenoids,# Maimone's Illicium
sesquiterpenes+>43, Magauer’s mitrephorones,# and
Maulide’s uncargenin C and protobassic acid+5), have
been reported. In addition to those studies, numerous
ventures to explore oxidation of terpene scaffolds were
initiated, such as ouabain,*47 betulinic acid,*® and
polyoxygenated pregnanes.4

----------- [Oxidase Phase]@ C-O bond focused

o B

----------- [Cyclase Phase]@ C-C bond focused =====m=mmmnx

[feedstock chemical]

Figure 2. Oxygenated terpene synthesis based on two-
phase retrosynthetic logic.

Application of this synthetic strategy to the taxanes, one
of the most renowned and complex terpene families, has
been an ambitious project in our laboratory for the past
decade. Whereas all of our prior studies in this area had
an immediate application to pressing medicinal chemistry
explorations in collaboration with LEO Pharma and
Bristol-Myers Squibb, the Taxol® (1.1) venture was purely
motivated by fundamental curiosity.?° In theory, the
biomimetic two-phase approach could have the ancillary
benefit of enabling a medicinal chemistry approach to
taxanes because every oxidation step could allow for a
comprehensive structure-activity relationship study of
taxanes from low to high oxidation levels. At the outset,
the synthetic cyclase phase of the taxane family was
accomplished, resulting in syntheses of lowly oxidized

2
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taxanes such as taxadiene (1.2, a natural product) and
taxadienone (1.3, not a natural product).5>52 It is worth
noting that the concise route to enantiopure 1.2 enabled
numerous laboratories to study its biosynthesis (nine as
of this writing have received samples from our laboratory)
despite the existence of PCF-derived sources.53 Clearly,
the completion of an exceptionally concise cyclase phase
was a prerequisite to any attempted biomimetic path to
1.1. In order to explore the hypothesis of whether such a
biomimetic strategy would enable an efficient and
divergent synthesis of Taxol® (1.1), taxane family
memberss+ at various oxidation levels were deliberately
targeted. A unique objective of our two-phase approach to
taxanes was to divergently access many natural and
unnatural taxane analogs during an oxidative ascent
toward Taxol® (1.1). The pursuit of such a strategy would
ensure that, even if the synthetic approach could not
compete with the efficiency of PCF (as already shown by
previous practitioners), the divergency would allow access
to numerous taxanes and analogs thereof—chemical
space which had not been accessed before. Of note, prior
medicinal chemistry explorations on 1.1 have relied on
semi-synthetic approaches that systematically
deoxygenate and functionalize the many oxygenated
functionality (Figure 3). These lengthy sequences
benefitted from the abundant supply of 1.1, but were
limited by instability of 1.1,5 selectivity issues,5%57 and
difficulties of unseemly rearrangements.58-6°

OAc,,
Me o] cHoMe1s

: H
OBz
from C9 dihydrotaxane
W/ (CFssOQ)QO
C7 deoxygenation

H H
OBz
w/ BuzSnH
C7 Barton deoxygenation
accompanying C10 deacetylation

Me AcQ [}

w/ AcCl OAc w/ Rhizopus delemar lipase

C1 elimination-ring contraction C13 dehydration

Figure 3. Selected examples of highly oxygenated taxane
functionalizations and rearrangements.

1.3 Taxane Oxidase Phase Blueprint and Target
Selections

Application of the two-phase strategy to taxane
synthesis requires a cyclase phase to a minimally oxidized
taxane, followed by at least nine C—O bond-forming steps
en route to the final target, Taxol® (1.1). In Nature, this
sequence requires no less than 20 enzymes to accomplish
(2 for the cyclase phase, 8 for the oxidations and the rest
for functionalizations).®*-%3 Although following the exact
oxidation sequence of taxane biosynthesis could lead to a
greater number of natural products in the oxidative
ascent, our targets of interest not only included natural
but also unnatural taxanes, and therefore we did not
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restrict our retrosynthesis to biosynthetic oxidation
choreography. Rather than examining all the possible
permutations of nine oxidations, shorter-term goals were
set where the oxidation steps required for 1.1 were divided
into three categories: early, middle, and late oxidation
(Figure 4).

a. Progress in our oxidation tactics and biosynthetic

oxidation choreography
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b. Oxidation choreography

C2,C7,Co

early taxuyunnanine D level

-

Oxidation Level

early e middle ° |ate

biosynthesis of Taxol® 5, 10/13  9,7,2  1/4/20
original plan for Taxol® 5,10, 13 2,9  1,7,4/20
taxuyunnanine D 5,10, 13 - -
taxabaccatin Ill 2,5,13 9, 10 -
final route for Taxol® 2,513  1,7,10  4/20,9

Figure 4. (a) A comparison of oxidation choreography
between our synthetic plan and biosynthesis. (b) A
summary of oxidation choreography.

A salient feature of this approach was the existence of
intermediate milestone events that would represent
independent accomplishments worthy of Ph.D. theses (to
Y.I.,, N.W,, and Y.K.).%4-%6 Thus, we set out to achieve two
“oxidative milestones” prior to Taxol® (1.1):%7
taxuyunnanine D (1.4)% and taxabaccatin III (1.5).% The
total synthesis targets were chosen such that, if the early
oxidation steps were developed, the first taxane target
would be reached; if the middle oxidation steps were
achieved, the second natural product would be accessed;
and if ways to perform the late oxidation steps were
uncovered, while keeping the other functional groups
intact, Taxol® (1.1) would be obtained. The first three
carbons oxidized in biosynthesis are C5, C10 and C13. C5
is oxidized prior to Ci0 and Ci3 (Figure 4b, known
oxidation choreography represented with comma)
followed by either Ci0 or Ci3 oxidation (Figure 4b,
unknown oxidation choreography represented with
forward slash), where ambiguity remains with regards to
the oxidation order depending on a specific taxane. These
oxidations take place on allylic carbons, which are all
functionalized in taxuyunnanine D (1.4, Figure 5). For the
middle oxidation steps, the synthetic plan adds two
functional groups, at C2 and at C9, which are oxidized in
taxabaccatin III (1.5). At this stage, the planned oxidative
choreography and that of Nature differ, but this was not a
concern, as an understanding of the feasibility of oxidizing
various carbons on the taxane core was sought. Finally, we
would add on the last two functional groups, at C1 and C7,
as well as forge the functionalized oxetane ring of Taxol®

3
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(1.1). In this fashion, the tremendous task of oxidizing
eight different carbon atoms was truncated into smaller
milestones of three, two and four oxidations (two of which
should be a well-precedented task of oxidizing the C4/20
alkene and forming an oxetane).'® We hypothesized that
this stepwise approach would maximize the potential to
learn about the innate reactivity of taxanes and ultimately
translate to Taxol® (1.1). Graphically, the two-phase
strategy could be represented as a pyramid-climbing
approach as shown in Figure 5, wherein 1.1 would be
placed at the apex of an oxidase phase pyramid, 1.4 and
1.5 (black circles) would be embedded as milestones, and
both natural and unnatural taxanes in various oxidation
levels (gray circles) could be reached in an oxidative
ascent toward these molecules

AcO

NHBzO Me Taxol® (1.1)
w‘ (2020) ref. 67

OBz

AcO OAc
Me, Me

z ‘OAc

7 H
H OAc
taxabaccatin Il (1.5)
(2016) ref. 69

Me Me

A 'OAc

H
taxuyunnanine D (1.4)
(2014) ref. 68

Me, Me
6@‘ [Oxidase Phase]
H o . Me O~/;
taxadienone (1.3) %’/
(2012) ref. 52 )
9(
<
3
® biomimetic Me,  Me Me
e divergent = 6
e chemical Me  Me Cvclase Ph 1
C-H oxidations feedstock [Cyclase Phase]

taxadiene (1 2

chemical (2012) ref. 51

Figure 5. Graphical representation of an oxidase phase
approach toward Taxol® (1.1) and target taxanes.

1.4 Purpose of this Perspective

Herein, we retrospectively analyze our 13-year synthetic
journey to Taxol® (1.1) in order to give a perspective on
two-phase synthesis logic in its most complex
manifestation. It is our hope that the lessons gained here
will transcend the customary drama and excitement
associated with complex molecule total synthesis. A three-
pronged discussion will be introduced here, and
elaborated upon after describing the lessons learned from
each of the taxane targets.

(a) Significance: What is the value of another chemical
synthesis of Taxol® (1.1)?

Previous syntheses'7-29 were oriented to answering the
question of whether a total synthesis of 1.1 was even
possible. Without this curiosity, and considering that the
supply issue of 1.1 no longer exists, how can the lessons
obtained in this synthetic campaign be useful to others?

(b) Strategy: Was two-phase synthesis logic the most
adequate approach to 1.1?

The advantages of the two-phase logic have already been
explored in our group33538%39 and in others.#-43 Is the

taxane family, and Taxol® (1.1) in particular, a suitable
platform to test its utility?

(c) Tactics: Did the oxidation choreography laid at the
outset need to be revised?

With Nature’s biosynthetic oxidase phase, along with the
wealth of pre-existing Taxol® (1.1) literature,-%> a
possible blueprint had been laid out.54 Were the oxidative
milestones achieved in the synthesis of taxuyunnanine D
(1.4)%8 and taxabaccatin III (1.5)% useful in the synthesis
of Taxol® (1.1)¢7?

With these questions in mind, we present the
overarching lessons learned while overcoming each
oxidative hurdle en route to 1.4, 1.5 and 1.1. Although the
final routes to each of these molecules have been
published, the hitherto undescribed failed routes are what
allowed us to truly understand the challenges presented
by the taxane family, as embodied by the intricacies of
oxidation choreography. This 13-year campaign has
resulted in a continuous body of in-house knowledge with
the initial plan being outlined in 201054 and an account of
the cyclase phase described in 2012.5

Since this perspective discusses in detail the
significance, strategy and tactics in the synthesis of 1.1,
many of the routes were exploratory, and the
intermediates encountered in those routes were not
rigorously characterized (beyond enough data for us to be
certain of our assignment). Furthermore, apart from the
final synthetic sequences to each of the taxane targets,
many of the reaction steps were not quantifiable because
they were not conducted in a scale where the yield can be
reliably measured. The advantages of certain oxidation
choreographies are thus qualitatively assessed, whereas
key optimization efforts of key transformations are
quantitatively highlighted.

2. Allylic Oxidation of CS5, C10 and C13

2.1 Strategic Target Selection: Taxuyunnanine D

Two cyclase phase endpoints, the unnatural
taxadienone (1.3) and natural taxadiene (1.2), were
synthesized on gram-scale in 7 and 10 steps, respectively
(see Figure 5 for structures).’»5> Committing to both
compounds as ideal entries to the taxane family, including
Taxol® (1.1) itself, we embarked on the oxidase phase.
Since natural taxanes are biosynthetically derived from
taxadiene (1.2), it was hypothesized that scouting site-
selective oxidation tactics from 1.2 might give insights
into the natural reactivity of the carbon skeleton. This
starting point selection was also desirable from a
synthetic point of view because the small number of
functional groups present on 1.2 eliminated functional
group compatibility issues and streamlined reaction
analysis and development.

A widely recognized C2 deoxygenated taxane is taxusin,
which has been synthesized by several research groups.7-
74 Many of the tactics developed in the synthesis of taxusin
were used to complete the total synthesis of Taxol®
(1.1).771823 Another potential target, as described above, is
taxuyunnanine D (1.4; see Figure 5)75 because it only has
three oxidized carbon atoms, and all of them are

4
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conveniently allylic. This observation is also consistent
with the proposed biosynthesis, where oxidation takes
place at the allylic positions, first at Cs, then at C10, and
finally at Ci3. We reasoned that a synthesis of
taxuyunnanine D (1.4) would allow us to attain a proof-
of-concept in the most concise fashion, and
simultaneously gain insight into the innate reactivity of
the cyclase phase endpoint 1.2.

2.2 C5 Oxidation

Even though the biosynthesis of taxanes is well-
documented, it was uncertain whether the biosynthetic
oxidation choreography would be reproducible by
chemical oxidations. Therefore, initial attempts at
oxidizing taxadiene (1.2) did not target any specific allylic
oxidations, but rather probed the vulnerability of its
olefins and C-H bonds (Figure 6a) to succumb to
oxidation. Sterically unhindered epoxidation reagents
such as mCPBA preferentially reacted with the electron-
rich, bridgehead A'“2-olefin to give 2.1 and 2.2. 10, was
also selective for the A12-olefin to give allylic alcohol 2.3.
Kharasch-type conditions, as well as Cr(VI)-mediated
oxidation, led to decomposition. Electrophilic selenation
gave a diastereomeric mixture at C5 in 2.4, but reagents
to selectively oxidize the selenium atom for selenoxide
elimination proved elusive.

a. Unsuccessful C5 oxidation attempts
Me Me

decomposed with
Kharasch-type (Mn, Rh, Ru),
Cr(lv)

1.2
taxadiene

2.3
with 0, then DMS

2.4 25
with PhSeCl with Pd(Il), 2-Me,Npyr,
O,, TsOH

b. C5 acetoxylation optimization

additive yield [%]
none 35
TMB 41
1,3-dimethoxybenzene 45
2.6 anisole 53

from taxaéliene (1.2)
with Pd(OAc),, BQ,
additive, AcOH, 60 °C

N, N-dimethylaniline decomposition

Figure 6. (a) Initial probing of Cs5 reactivity using
taxadiene (1.2) as the substrate. (b) The effect of electron-
rich arenes for Cg selective acetoxylation.

Finally, Pd(IT)-mediated dehydrogenation® gave triene
2.5, but this compound did not prove useful at this stage.

The Journal of Organic Chemistry

Notably, palladium, in conjunction with a sterically
demanding oxidant, site-selectively engaged with the A+5-
olefin without disruption of the A»2-olefin. Motivated by
this outcome, selective C5 oxidation was eventually
attained with Pd-catalyzed acetoxylation, leaving the
bridgehead olefin intact. Reacting taxadiene (1.2) with
catalytic Pd(OAc), and stoichiometric 1,4-benzoquinone
(BQ) in AcOH gave Cs5 acetate 2.6 as a single
diastereomer in 35% yield (Figure 6b).77-79 In an attempt
to determine the identity of the remaining mass balance,
the reaction was conducted in an NMR tube using acetic
acid-d, as solvent and 1,3,5-trimethoxybenzene (TMB) as
an internal standard. The time course of the reaction
revealed that the sum of the product (2.6) and the starting
material (1.2) steadily declined over time, and there were
no discernible peaks in the 'H-NMR to indicate
byproducts. Surprisingly, this experiment afforded the
product (2.6) in slightly improved yield (41%). This led to
the discovery that as little as one equivalent of methoxy-
substituted electron-rich arenes such as TMB and anisole
generates less palladium black, and increased the yield of
the acetoxylation to 53%. Also, the yield remained the
same irrespective of the catalyst loading.

2.3 C13 Oxidation

Encouraged by Ci3 allylic oxidation precedents by
Kende® and Nicolaou,' we set our sights on selective C13
oxidation to form enone 2.7 (Figure 7). In seven out of the
ten completed syntheses of 1.1, this oxidation was carried
out in high yield at a very late stage.19:2°24-29 Installing this
oxidation at an early stage carries additional risk, as our
route to 1.1 would not benefit from many of the learnings
of those approaches or the specific electronic
characteristics that enabled clean Ci13 oxidation.
Nevertheless, the C13 oxygenation has been shown to be
critical for bioactivity and thus, in order to maximize the
medicinal relevance of the route, it was earmarked for
early installation. Perhaps not surprisingly, treating
acetate 2.6 with PCC or CrO,+3,5-dimethylpyrazole
complex (CrO;sDMP)?® led to low yields of enone 2.7
alongside epoxide 2.8 and diketone 2.9, each in ca. 30%
yield. A number of Cr(VI) reagents were explored in an

—> 0

examined Cr(VI) source: e
PCC, PDC, imidazolium dichromate

examined Het additives:
3,5-DMP, 1,2,4-triazole, imidazole,
oxazoline, HMPA, bpy, quinoline, urea,
DMPU, DMAP, 4-t-Bupyridine,
4-CNpyridine, 4-COEtpyridine,

purine, uracil fo)
[o}
Me Ph_ o cl
N
MeN
XD L Y we
07N H o meo” >N ome

Figure 7. Major side products observed with Cr(VI)-
based oxidants, as well as a list of examined additives.
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effort to coax the reaction to favor the desired enone 2.7.
PDC and Collins reagent gave similar or worse results.2
Using CrO, with different heterocycles as additives—in an
effort to mimic the intramolecular deprotonation believed
to be at work with CrO,-DMP—enabled selective
production of epoxide 2.8 or diketone 2.9, but never
furnished the desired enone 2.7. Substrates that were
oxidized in high yield in the past bore the critical C10
functional group, which presumably mutes the reactivity
of the A"2-olefin in preference to the desired Ci3
oxidation. This was an early indication of how distal
functional groups on the taxane skeleton dramatically
influence each other.

99 Na@
A I Et. ©O-cr-O
H cr(v) = >;fo’ \O?h?e
2.6 Me
o) Et
Cr(V), MnO,, 2.10
15-crown-5,
PhCF3, 80 ¢C

Figure 8. The application of Cr(V) reagent 2.10 for
allylic oxidation.

An extensive literature examination identified a
hydroxy-acid bound Cr(V) reagent 2.10 (Figure 8), which
contains only one Cr=0 bond (as opposed to two or three
such bonds in Cr(VI) reagents).83 Although never
employed in total synthesis, this study demonstrated the
reactivity difference of Cr(V) relative to Cr(VI) with the
former eliciting oxidative cleavage of pinacol much slower
than the latter.84 Operating with the hypothesis that the
formation of diketone 2.9 would be reduced, Cr(V)
reagent 2.10 was prepared and exposed to acetate 2.6.
Gratifyingly, neither diketone 2.9 nor epoxide 2.8 were
detected, and the desired enone 2.7 was isolated as the
major product. Interestingly, this reaction was now
accompanied by a new undesired side product 2.11.

a. Putative mechanism of the formation of 2.7

Cr(V)
Me, HO Me Baubler—

Dauben?

2.12
b. A model study

Cr(VI) Me OH cr(V) Me OH
PCC 2. 10
59% 44%
Figure 9. (a) Probing a potential Baubler—Dauben type

mechanism. (b) The difference in reactivity between Cr(V)
and Cr(VI).

Since this new product suggested that a different
mechanism was operating when using Cr(V) reagents
versus Cr(VI) reagents, it became critical to elucidate if
the desired enone 2.7 was derived, to any extent, from
putative tertiary allylic alcohol 2.12 (Figure 9a) as in the
Baubler—Dauben reaction.’58¢ However, treatment of
2.12 with Cr(VI) or Cr(V) reagents furnished no trace of
enone 2.7. A model substrate demonstrated the unique
reactivity of Cr(V) 2.10 (Figure gb), which did not effect
1,3-allylic transposition like Cr(VI) reagents (e.g., PCC).
Notably, the previously unrecognized utility of this Cr(V)-
based oxidant for C—H oxidation has benefitted other
recent total syntheses.37:88

2.4 C10 Oxidation

As mentioned above, it was not apparent at the outset
whether C10 or C13 should be oxidized first, and therefore
several C10 oxidation attempts were made prior to C13
oxidation  (Figure 10). First, TEMPO-derived
oxoammonium salt 2.15 selectively oxidized the C18
position of 2.6 to give 2.14. Similar selectivity could be
induced by a singlet oxygen ene reaction at C11, followed
by a unique solvent-dependent 1,3-allylic transposition,
giving 2.16. This C18 alcohol was smoothly eliminated to
extend the oxidation state to C10: treatment with MsCl
formed diene 2.17 with a A'>'-olefin. Unfortunately, this
diene could not be isomerized to a A%°-diene despite
numerous attempts, presumably because 2.17 has
alleviated ring strain. At this juncture, we hypothesized
that the Ci0 oxidation might not be feasible without
disrupting the bridgehead olefin, so we committed to
oxidizing C13 before C1o0.

a. The target transformation

Me
Me

S}
with { ®N=0 BF,

with 102, CGF5CF3

Figure 10. (a) The desired transformation. (b)
Unsuccessful C10 oxidation attempts.

Several conditions to oxidize the C10 of enone 2.7 were
developed (Figure 11). Treating enone 2.7 with TMSOT{
produced a vinylogous(silyl)enol ether (2.19), with
concomitant C5 acetyl group silylation. Delightfully, this
species reacted with NCS to afford allylic chloride 2.20.
Chloride 2.20 was a breakthrough intermediate in the

6
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synthesis of taxuyunnanine D (1.4) because the desired
C10 oxidation was finally achieved with site selectivity,
albeit in two steps from enone 2.7. In the end, this route
was abandoned due to convoluted protecting group
manipulations: C5 and C13 functionalities could not be
simultaneously liberated as alcohols. A superior approach
to Ci10 oxidation was developed through radical
bromination to give 2.21, which underwent
stereoretentive solvolysis upon treatment with AgOTf,
even in conjugation with the C13 ketone. The enhanced
stability of the C10 radical and suppressed reactivity of the
bridgehead olefin by conjugation with the enone guided
the reactivity as well as regioselectivity.

Me
unsuccessful
oxidants
_»

“OAc

mCPBA, DMDO,
Davis’ oxaziridine

2.7

NBS, BPO

Figure 11. Selective C10 halogenation.

These oxidative explorations established the order of the
Cs5, C10 and Ci13 site-selective allylic oxidations of the
taxane core. Notably, this oxidation choreography is
highly analogous to that of biosynthesis, implying that
chemical transformations can reproduce the inherent
reactivity of taxanes with oxidase enzymes for these early
oxidation steps.

2.5 Two-Phase Synthesis of Taxuyunnanine D

Armed with an understanding of the relative reactivities
of each allylic position and functional group,
taxuyunnanine D (1.4) was synthesized as the first
demonstration of two-phase taxane synthesis (Figure 12).
Thus, taxadiene (1.2) was oxidized using a modified
Akermark and Biickvall type acetoxylation to afford 2.6 as
a diastereomerically pure product (step a). C13 oxidation
was installed by the aforementioned Cr(V) reagent to give
2.7 (step b). Enone 2.7 was then site-selectively
brominated at Ci0, which was effectively displaced by
TESOH in the presence of an Ag(I) salt to install a
hydroxyl group and a protecting group simultaneously,
minimizing the number of concession steps to 2.23 (step
¢). Diastereoselective C13 reduction, followed by tandem
Cs and C13 acetylation, afforded taxane 2.24 (step d). The
final oxidation (step e) was realized with IBX,%

The Journal of Organic Chemistry

completing the two-phase synthesis of taxuyunnanine D
(1.4).

BQ, anisole
R
AcOH
(53%)

H j2 Me .
taxadiene b. Cr(V), MnO,,
(53%)

15-crown-5
c. NBS, BPO ’
then PhCF3

MeOH then Biosynthesis 5, 10/13
Ac0 Two-Phase 5. 13, 10

TESO

d. DIBAL then Oxidation choreography
l(SO%)

1.4
taxuyunnanine D

Figure 12. Two-phase synthesis of taxuyunannine D
(1.4).

3. Introduction of C2 and C9 Oxidation States

3.1 Strategic Target Selection: Taxabaccatin 111

The selective oxidation of C5, C10 and C13 opened a
seemingly clear path toward the next stage of operations
needed to access higher taxane oxidation levels. The
cyclase phase had led to two taxanes, taxadiene (1.2) and
taxadienone (1.3),5* the latter of which is oxidized at C2,
much like other taxane natural products. However, there
is no reported analog of taxuyunnanine D (1.4) bearing
oxidation at C2. With reliable oxidation methods for C5,
C10 and C13 in hand, the next objectives were determined
(Figure 13): (i) installation of oxidations at C5, C10 and
C13 with a C2 oxidized functionality in place; (ii)
stereocontrolled C2 installation; (iii) C9 oxidation; and
(iv) stereoselective Cg9/10 diol formation. With these
tactical goals in mind, taxabaccatin III (1.5)% was chosen
as the next target, which posed additional stereochemical
challenges at C2, Cg and C10. The fact that many natural
taxanes share this C9/10 trans-diol pattern underlined
the importance of developing a tool to stereoselectively
install such a motif.

e C5, C10, and C13 oxidations
in the presence of C2

e C2 stereocontrol

e C9 oxidation

e C9/10 stereocontrol

taxabaccatin Il (1.5)

Figure 13. The next targeted taxane and associated
challenges.
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3.2 The A%19-Olefin as a C9/10 Diol Synthon:
Taxatriene

oxidation
PhSeCl, IBX-MPO, DDQ,
Pd(OAc),, e-chem, 0,

3.3
Rio = Br, OH, OCS;,Me,
S(O)Me, 2-hydroxypyridine

isomerization
Co, Zn, Rh, Fe, SiO,,
KOt-Bu, DBU

Figure 14. A%°-olefin installation attempts. MPO, 4-
methoxypyridine N-oxide.

At the outset, tremendous efforts were made to generate
a taxane containing the A%°-olefin moiety (3.1; Figure
14). The goal was to oxidize this olefin to furnish the key
Coa and Ciof motif in a minimal number of
transformations. These efforts can be categorized in three
approaches: (i) oxidation of vinylogous silyl enol ether
3.2; (ii) elimination of a C10 functional group from 3.3;
and (iii) isomerization of diene 3.4. Unfortunately, none
of these approaches afforded the desired A%°-olefin. The
difficulty associated with the A9%°-olefin installation
stems from the strained nature of the olefin (which could
lead to rapid isomerization to 3.4) and poor orbital
alignment for the desired E2 elimination (for anti, or even
syn, elimination).

a. Kende’s taxatriene

b. Our new cyclase-phase

1g Me 10__9me1o

1. BF3*OEt; (19%)
2. PhNTf, then

— 3. ZnMeg, Pd(PPh3)4
1 70%
)_\g": (70%)
1. n-BuLi, CuTC,

phosphoramidite Me
3.7 then TMSCI

Me (85%)
_— A
[ j 2. acrolein, Gd(OTf)3
(74%) 3.9 o (o]

38 O 3. Jones reagent
(62%)

Figure 15. (a) Kende’s taxatriene. (b) A new cyclase
phase designed to install the A%1°-olefin.

These observations were consistent with Kende’s
synthetic approach to taxatriene (3.5), where the A%°-

olefin had been incorporated prior to the skeletal
construction (Figure 15a).8° This inspired the
development of a new cyclase phase with a pre-installed
Av10-olefin (Figure 15b). The eventual synthesis of triene
3.6 started from 3.7 and 3.8 by following a similar
procedure to the cyclase phase of taxadienone (1.3).5-%9

Considering the strained nature of the A%'°-olefin, one
might assume it to be fairly reactive. To our dismay, this
was not the case, and oxidation of this olefin turned out to
be an extreme challenge as well. Figure 16 depicts a
number of examined substrates that contain a A%°-olefin.
All but the last set of substrates decomposed or were left
unreacted under a number of different oxidation
conditions (e.g. mCPBA, DMDO, OsO,, TFAA/H,0.,). The
remarkable recalcitrance of the A%°-olefin to react with
any oxidant can be explained in hindsight by examination
of the X-ray crystallographic structure (3.10, Figure 16).
One can see the steric hindrance created by the C16, C18
and C19 methyl groups, as well as the C7 methylene group.
These four carbons effectively confine the A9°-olefin
inside the taxane skeleton.

3.10 3.1
[X-ray] dihydroxylation: decomposition
mCPBA or DMDO led to A™-'2-epoxidation

(o)

3.12 3.13

mCPBA or DMDO OsO4 led to 3.14
led to A1213-gpoxidation mCPBA led to
decomposition

OHOH

Me., Me

H 0 .0
° 0\Si(i-Pr)z
3.14 3.15 X43=2H
TFDO led to DMDO led to C11/12-epoxidation
no reaction 3.16 X43==0
OsO, led to C11/12-dihydroxylation
Figure 16. A%9°-olefin  oxidation attempts.

Crystallographic data for compound 3.10 has been
deposited with the Cambridge Crystallographic Data
Centre as no. CCDC-1435376.

In fact, only a few compounds (e.g., 3.17; Figure 17)
exhibited a reactive A%°-olefin, but these were only
reactive after a Meinwald rearrangement of the A2-
epoxide, forging a rearranged skeleton with a Cio/12
bond. Although the A%°-olefin was an appealing retron
for the oxidation of Cg and C10, the oxidase phase starting
from taxatriene 3.6 was abandoned after these extensive
efforts.
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TFDO or Me
TFAA, H,0;
_——
“''"Me
o o
Oy, Ry = 2H or Si(i-Pr), O<gy,
3.17 3.18

Figure 17. Unexpected skeletal rearrangement occurred
during an A%'°-olefin oxidation attempt.

3.3 C2 Alcohol Derails the Plan for C5 Oxidation

The unreactive nature of the A%°-olefin guided us to
pursue a different oxidation choreography, where Cg
could be installed in an oxidation relay from the Cio
ketone, a strategy employed in much of the prior art.1820
As our current tactics necessitated C13 oxidation prior to
C10, it was sensible to carry out all allylic oxidations and
then address the Cg challenge at the very end. Originally,
there were no major concerns of executing C5, C10 and
C13 oxidations with the C2 oxidized functionality present.
Oxidation choreography was deemed to be the only issue
as the targeted taxane (1.5) contained as many as five
secondary alcohols to be differentiated.

We soon realized that the Bouveault—Blanc reduction?!
that worked well to give the desired C2 a-alcohol from
taxadienone (1.3) was highly substrate-specific, and
produced the [-alcohol in most cases. Therefore,
stereoselective C2 reduction had to be performed at the
very beginning of the synthesis. Compounding this issue
was that attempted Pd-catalyzed Cs5 acetoxylation only led
to C2/20 ether formation (3.21), even with an alcohol
protecting group (3.20; Figure 18). This THF ring could
not be opened under any examined conditions,
necessitating the development of a new selective
oxidation of Cs5 in the presence of C2 functionality.

Pd(OAc),,
BQ
—_—
AcOH

2
3.19 Ry=H
3.20 TBS
TBHP,

when R, = H l VO(acac),

3.22 3.23

Figure 18. Undesired THF ring formation to give 3.21,
leading to further examination of C5 oxidation methods.

Ultimately, the originally cumbersome C2 alcohol was
utilized in a vanadium-catalyzed directed epoxidation of
the A#5-olefin, leaving the electron-rich A™2-olefin
intact.92 The resulting C4/5 epoxide (3.22) was directly
converted to a C5 a-hydroxyl group (3.23) in a regio- and
stereoselective-manner with NaOH. Notably, the C4 tert-

The Journal of Organic Chemistry

alcohol served as a quasi-protecting group for the A42°-
olefin (via dehydration).

3.4 Setting the C90, C10p Diol Oxidation Pattern
Toward Taxabaccatin 111

Fortunately, the Ci3 and Cio allylic oxidations
employed for the synthesis of taxuyunnanine D (1.4)
could be smoothly adopted to the synthesis of 3.24
(Figure 19), a C2 a-alcohol version of 1.4. This set the
stage for the Co9 oxygenation. Unlike Holton and
Takahashi’s substrates,'®26 the C10 enone did not undergo
a-oxidation with (PhSeO),0. After a large array of base,
oxidant and temperature screening, a combination of
MoOPh? and LiNEt, was identified to be the optimal
reagent choice to give 3.26. Numerous reduction
conditions from 3.26 to the corresponding Cga, C10f diol
(3.25) were examined, however the desired product was
not observed. Instead, the C9a, Cioo diol was often
produced if the starting material did not completely
decompose. This undesired stereoselectivity was
consistent with the scarce literature precedent,%
stemming from the caged nature of taxanes. C9/10 redox
rearrangement (3.26 to 3.29)'® was also unsuccessful
despite the precedent on similar substrates. It is possible
that the unique B ring conformation of 3.26 prevented
these redox manipulations, which led to the Cu-mediated
preparation of diketone 3.27, possessing a different
hybridization pattern and a potentially different
conformation. The use of Cu(OAc), is known in the
context of a-hydroxy ketone oxidation, but had not been
used before in approaches to taxanes. After an extensive
screening of reductants, the desired stereoselectivity of Cg
reduction was attained with a bulky ate-complex,
LiAIH(Ot-Bu)s-Bu,,%to afford 3.28 (isolable). Upon

direct
reduction

3.26 3.29
CU(OAC)zl T then H,0,

3.27 3.28

Figure 19. Cg and C10 redox sequence to the Coa, C10f3
motif.
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b. TBHP,
VO(acac), d. Cr(V)
a. Na, Me Me then NaOH (50%)
i-PrOH (67%) [gram scale]
—_— s
(63%) c. Ac,0 oA
H [gram scale] Y (89%) H & OH e. NBS,
e H Sn Me [gram scale] oac Me  BPO then
3.19 3.30 AgOTf, TMSOH 3.31
(79%)
(81%) f. Burgess
then DIBAL
g- NaHMDS,
then Me, h. Et,NLi, Me, MOMCI
Cu(OAc), o MoOPh o then IBX o
~€——— RO -—— RO ——— HO:-
. (77%) “'OR (67%)
R
R=MOM 3.24 QOxidation choreography 3.32
i. LiIAI(Ot-Bu)(s-Bu), . Biosynthesis 5, 10/13 9, 2
then H,0, DCM Ji &iﬁ? Two-Phase  2,5,13 10,9
o
k. CBry, i-PrOH Me
then Ac,O
(71%)
AcO:-
“OR

3.30 1.5

decinnamoyltaxinine E taxabaccatin Il1

Figure 20. Two-phase synthesis of decinnamoyltaxinine E (3.30) and taxabaccatin III (1.5).

quenching the reaction with DCM/water, this keto alcohol
successfully  isomerized to 3.29. The final
thermodynamic reduction of the Cg ketone using Na (Hg)
established the key C9a, C10p diol moiety to give 3.25.
This redox manipulation was an essential tactic to
complete the middle-stage oxidations to arrive at the
taxabaccatin III (1.5) oxidation level.

3.5 Two-Phase Synthesis of Decinnamoyltaxinine E
and Taxabaccatin I1I

The reconnaissance gained from the prior sections
enabled the completion of natural taxanes
decinnamoyltaxinine E (3.30) and taxabaccatin III (1.5)
as shown in its full form in Figure 20. The route
commenced with taxadienone (1.3), and the
stereochemistry of C2 was set at the outset (step a).
Teachings from the synthesis of 1.4 were used to install
all the allylic oxidations (steps b-g), after which the
correct oxidation pattern at C9/10 was installed as
described in the previous section (step h, i). Finally,
deprotection and acetylation furnished two natural
taxanes, decinnamoyltaxinine E (3.30)% and

taxabaccatin III (1.5).
AcO OAc

Figure 21. The structure of taxusin (3.31).

Taxanes in this oxidation level (3.30 and 1.5) had never
been pursued as a target of total synthesis, while taxusin
(3.31, Figure 21), a taxane with one oxidation level lower

than 3.30 and 1.5, has been a popular synthetic target. It
has culminated in numerous studies and three total
syntheses from the groups of Holton (49 steps, chiral
pool),”* Paquette (40 steps, chiral pool),7374 and Kuwajima
(28 steps, enantioselective).”? These target-oriented
approaches demonstrated the feasibility of chemically
accessing a single taxane. On the other hand, the two-
phase strategy was advantageous from the perspective of
efficiency as well as divergency. Even though the two-
phase disconnection is linear by nature, taxanes 3.30 and
1.5 were prepared in 19 steps from commercially available
feedstock chemicals, which is significantly shorter (even
with the higher complexity of these targets compared to
3.31). In addition, the two-phase strategy assembled the
entire taxane skeleton at as early as step 7 and installed
the Ci13 oxidation state, an essential oxidation for
bioactivity, at step 11. In contrast, prior art completed the
carbon skeleton construction at a later stage (Holton: 49,
Paquette: 33, Kuwajima: 24).

4. Oxidation Attempts for C1 and C7

4.1 Directed C7 Oxidation Attempts

At this juncture, in 2015, there was an overexuberant
feeling that the remaining oxidations needed to access
Taxol® (1.1) would be straightforward to achieve. After
all, nearly all of the key carbon atoms needed to finish 1.1
were either at the correct oxidation state or poised for
oxidation: functional groups at C2, C5, Cg, C10 and C13
were established, which left “only” two oxidations at C1
and C7 (as well as constructing the functionalized oxetane
ring). C7 oxidation was addressed first because methylene
C-H oxidation is significantly more challenging than the

10
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comparatively electron-rich methine C—H oxidation (C1).
Difficulties of C7 oxidation include: (i) selective
methylene C-H oxidation (without oxidizing C6); (ii)
steric hindrance presented by the neighboring quaternary
center (C8); and (iii) functional group compatibility in the
presence of a strong oxidant. Around that time, our group
published a modified variant of Schonecker’s oxidation?”
for the total synthesis of steroids (4.1),4 which led us to
pursue directed methylene C—H oxidation (4.2; Figure
22). The target C7 C—H bond seemed to be perfectly
aligned with the Cg carbonyl group, a spatial relationship
that is geometrically similar to 4.1.

a. Schonecker’s oxidation b. Directed C-H oxidation

7N
N

OMOM
4.2

Figure 22. (a) Schonecker’s oxidation on an
intermediate for C12 oxidized steroid synthesis. (b) The
desired outcome of a Cg directed C7 oxidation product.

Taxanes bearing various oxidation patterns with
different protecting groups (4.3) were assembled (Figure
23a) following the previously developed oxidase phase for
decinnamoyltaxinine E (3.30) and taxabaccatin III (1.5).
Our initial approach started by examining oxime/imine-
directed C—H oxidation (Figure 23b) inspired by seminal
work by Baldwin? and Schonecker.?” Unfortunately, Co
ketone condensation to give an imine or an oxime were
unsuccessful, probably because the antibonding orbital of

a. Directing group coupling b. For the C9 ketone

attempts at C9

no reaction A\
Me O Xo  yunder various /
condensation =N
conditions
R..O MeO\
13 N N
""ORs /A

Baldwin Schonecker’s
oxidation  oxidation

4.3
Xg =0, 2H, B-OH
Rs, Rs, Ri3 = MOM, TBS
c. For the C9 a-alcohol
Radical H abstraction

Pd desaturation

N;Et
o o NeEt2 o
O\\él Et_ i
N-OH o ICJ’SH@
|
(0] 3 Me
o . Me~s'i\/C| Intramolecular TFDO
Br 4
(I) (0]
’~ 0 CF
ww »\N CF3 I_\_< 3
0 H ““n,
o wh o
F

Figure 23. Substrates of interest with a directing group
on Cg that ultimately could not be synthesized. (a) A
representative structure. (b) Attempted ketone-based
condensations. (c) Attempted substitution of the a-
alcohol.

The Journal of Organic Chemistry

the Cog ketone is buried in the concave face of the taxane
core. We then examined a Neber rearrangement® by
condensation of an oxime on the C10 ketone to introduce
nitrogen-based functionality at the Cg position. However,
the Ci0 ketone was similarly unreactive, likely for the
same reason. Simple a-amination was also examined,
however, the desired reaction did not take place, instead
returning the starting material despite the ease of
engaging C9 in a-oxidation.

The observed inertness of this ketone, as with the A%°-
olefin (Section 3.2), suggested that these positions on the
taxane skeleton are simply too hindered. Therefore, a Cg
alcohol, which equates to a one-atom extension of the
reaction site away from the taxane core, was introduced
for appendage of a directing group. A variety of directing
groups were considered (Figure 23c), with the following
transformations in mind: O-centered radical C-H
abstraction,’®® remote desaturation,”* palladium-
mediated sp?-radical generation,'°* electron-poor sp>-
radical generation, a Hofmann-Loffler-Freytag (HLF)
type reaction,©3 Stork’s homologation reaction*4 and
intramolecular TFDO.°s However, due to the low
nucleophilicity of the Cg alcohol, stemming from possible
hydrogen bonding with the neighboring Ci0 ketone,
inductive effects, and steric hindrance, the Cg9 a-alcohol
gave no reaction with all the depicted directing groups
under various conditions.

Directing group installation on the Cg alcohol was not a
complete failure, as some small and reactive electrophiles
coupled with the Cg alcohol (Figure 24). Pyruvate 4.4'°°
and silane 4.597 could be formed as intramolecular
dioxirane and iridium-catalyzed C-H silylation
precursors, respectively, although the subsequent C-H
oxidation did not proceed in either case. Even directed
amination'°%1°9 was examined with a sulfamate ester in
the presence of the rhodium catalyst. To our surprise and

45
Hartwig C-H silylation
decomposition

4.4
Intramolecular DMDO
no reaction

4.6 4.7

R = Me, p-CIC4H,
Directed DMDO/TFDO
double epoxidation

Du Bois:BresIow
Nitrene insertion
C19 oxidation

Figure 24. Substrates that were successfully prepared,
but with which C7 oxidation was unsuccessful.
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dismay, nitrene insertion took place at the C19 methyl
over the C7 methylene to give 4.6. The sterics controlled
the selectivity over the electronics, demonstrating the
congested environment around the C7 C—H bond.

We envisioned that the unreactive nature of the C7y
position could be overcome by using one of the strongest
chemical oxidants known, TFDO. Acetate and p-
chlorobenzoate, which are known to direct TFDO,° were
appended onto the Cg9 hydroxyl group. Disappointingly,
these compounds did not yield the desired C7 oxidized
product with TFDO, but instead epoxidized the A+2°- and
An2-olefins to give 4.7, followed by gradual
decomposition. Notably, it was alarming that the Ci
oxidation did not happen in the presence of TFDO since
we optimistically assumed that oxidizing the only
accessible tertiary C—H bond (at C1) would be relatively
straightforward.

At this juncture, we concluded that directed C7y
oxidation was not viable due to several confounding
observations: (i) steric hindrance around the Cog
ketone/alcohol prevented the appendage of directing
groups; (ii) steric hindrance around C7 blocked the
approach of directing groups and oxidants; (iii) substrates
exhibited instability to harsh oxidation conditions; (iv)
poor material throughput; and (v) highly oxidized
substrates had more electron-deficient C—H bonds, and
thus might not be ideal substrates for C—H oxidation.

4.2 Directed C1 Oxidation Attempts

Oxidation of the Ci1 position proved similarly
problematic. Some challenges of this oxidation included:
(i) the hindered and conformationally restricted nature of
the sp3 bridgehead C-H bond; (ii) a skeletal
rearrangement that occurs when generating cations and
radicals;591" and (iii) functional group compatibility. The
inertness of the C1 C—H bond to TFDO hydroxylation (see
4.7 in Figure 24) raised concerns regarding the feasibility
of C1 oxidation. We hypothesized that this could be
further examined by creating a kinetically biased
oxidizing environment around C1 using a directing group
(Figure 25a). Our initial studies on directed C1 oxidation
commenced with a model substrate residing in a lower
oxidation state, taxadienone (1.3). Much like the Cg
ketone condensation, however, the sterically hindered C2
ketone did not react with any nucleophiles (Figure 25b).
Notably, deprotonation of the Ci1 bridgehead proton
failed, indicating that the bridgehead enolate cannot be
formed (the C3 C—H is also sterically inaccessible). In
contrast, Holton? and Wender®2 carried out Ci1
oxidations using C2 ketones in their syntheses, which was
only possible because the full taxane skeleton was
constructed after the a-oxidation step. A number of
directing group installations with the C2 a-alcohol
substrate (3.19) were also precluded due to its poor
nucleophilicity (Figure 25¢).

As with the Cg alcohol, some directing groups could be
mounted on the taxane C2 alcohol: successfully generated
substrates are shown in Figure 26a. Although most
transformations starting with these substrates resulted in
no reaction, unproductive reaction or substrate
decomposition, DuBois-Breslow°8199 nitrene insertion

chemistry chemoselectively furnished a Ci aminated
product in the presence of an olefin and allylic C—H bonds
with both carbamate and sulfamate tethers (4.17 to 4.18;
Figure 26b). The C1 aminated scaffold 4.18 could be
prepared in a reproducible manner; therefore, carbamate
deprotection was examined to replace this amino group
with a hydroxyl group via Barton deamination,”? even
though this tactic could potentially lead to C1 radical-
driven skeletal rearrangements.
a. Directing group coupling attempts at C2

DG ;
X;=0 1.3 A
a-OH 3.19 4.8
b. For the C2 ketone
N-condensation . Wittig HWE Henry
e e o : A s aan
N N. N. : J J (
Bn OMe : MeO MeO,C NO,
N“ | — — i Corey-Chaykovsky  Takai
N, N : Lo J
NH, OH | Br

c. For the C2 a-alcohol

Radical Pd desaturation Nitrene insertion
H abstraction v T |
nwv | (0] o
|
HO 5 s"o cm« Na\«
N CF Il\Et (0] (o]
0 3 , Et - -

Cl~g’~ Nz~g’

77\ 17\

Norrish type
Intramolecular

: :
: :
: :
: :
i i o o
i i
: :
: :
: :
: :

o o . .
TFDO 7 S 5 : |
oy\k L 0 cip Maspl
~ N
o 107 "Me pho © pho ©
F3C Me

Figure 25. Substrates of interest with a directing group
on C2 that ultimately could not be synthesized. (a) A
representative structure. (b) Attempted ketone-based
condensations. (¢) Attempted functionalization of the a-
alcohol.

Numerous conditions and approaches, including
hydrolysis, reduction, organometallic reagent addition,
formation of a diazo species, O-alkylation, N-alkylation
and thiocarbamate formation, were examined for
carbamate removal; however, the ring-opened product
was never observed. Luckily, Schwartz’s reagent was
discovered to be a potent reductant for 4.18 to produce
oxazoline 4.22, while even LiAlH, did not react with
4.18. Unfortunately, compound 4.22 could not deliver
the free C1 amine. The observation that even 4.22 does
not undergo deprotection led to the hypothesis that
formation of a putative tetrahedral intermediate is
unfavored due to a steric clash with the taxane backbone.
In conclusion, the strategy of directed C1 oxidation was
abandoned because of: (i) sterically challenging
functionalization of the C2 ketone and alcohol; (ii)
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a. Directing groups for C2 a-alcohol

The Journal of Organic Chemistry

b. Du Bois-Breslow nitrene insertion approach

"R
Z=C0,80, H % " Me

‘ 0
D ' H,N-2Z 1L ;
Radical H abstraction ral 4.17 : rzggzi?n S Me
v (OJNN . : ™
; c|> Me S:\ : N-protection ha(OAc)4,2' allyl iodide
’ 0 o ~g NsEt, DCM NN
1 1
4.9 Me/ ’Me 4.11 :
4.10 i o 4.19
Intramolecular TFDO/DMDO ! Norrish ‘ PG = PMB, Ac
. PV ww | no protection with
o (I) o (IJ i |+ Tf Cbz Boc, Ts, o-Ns, Y
Y I L FsC \‘(°  p-Ns, 2,4-(NO2)2C5H3S0, “N)fa e
CFa Me” o | o 0 4.18
412 4.13 = ..4'14 ‘ Schwartz’ Me Me
Pd desaturation } Photolytic oxaziridine ! Et;0BF, reagent
i generation wgv i N 6 ‘
i @-« i 7 hydrolysis, reduction and nucleophilic Y Fl
i —N\% o) i ) Me addition did not work on all 5 substrates N\\/c') Me
‘ o 4.16 |
‘ ' Et0 4.20 4,22

isomerized to pyridone

Figure 26. (a) C2 a-alcohol-based substrates that were successfully prepared, but with which the subsequent C—H
oxidation was unsuccessful. (b) C2 directed C1 amination, and subsequent attempts to render the cyclic carbamate useful

for C1 oxygen atom installation.

substrate instability to harsh oxidation conditions; and
(iii) potential skeletal rearrangement issues upon radical
and cation generation at C1.

4.3 Glimpse of C1 Oxidation, Leading to a New
Oxidase Phase

Directed C—H oxidation approaches for both C7 and C1
did not work, possibly because directing groups could not
adopt a suitable geometry relative to the target C—H bond.
Indeed, 1,2-diol synthesis methods via directed C—-H
oxidation reactions are very scarce in the literature."s
Therefore, small and strong oxidants such as DMDO and
TFDO were examined, but this time without direction
from C2. Encouragingly, there is compelling literature
precedent by Oritani4 that conducted C1 C—H oxidation
on a highly oxidized taxane 4.23 (Figure 27a). One of the
most advanced (oxidized) substrates, 4.26, was prepared
and subjected to the same conditions as described in the
literature. Surprisingly, despite the structural similarities
between 4.23 and 4.26, C1 oxidation was not observed,
but instead the double epoxidation product (at the At12-
and A#2°-olefins), 4.27, was obtained as a single
diastereomer (Figure 27b). The Ci1/12 bridgehead
epoxidation was worrisome because: (i) the A»2-olefin is
a so-called “hyperstable” bridgehead alkene,'5¢ which is
actually not strained and is expected to be stable; (ii) the
epoxide might inductively deactivate the C1 C—H; and (iii)
converting the C11/12 epoxide back to a bridgehead olefin
would take extra steps and might cause chemoselectivity
issues. Disappointingly, the desired C1 oxidation product
was never observed even after extensive screening (Figure
27¢). The overall reactivity trend could be summarized as

follows: (i) TFDO was too harsh for this class of
substrates; (ii) even in situ generated TFDO (i.e., with a
lower effective concentration) was too harsh; (iii) C1 was
inductively deactivated by the bridgehead epoxide, as well
as by the oxygen functionality at C2, C10, and C13; (iv) C13
was gradually oxidized to the ketone even with TBS
protection after 15 h (at room temperature with DMDO);
(v) A420-olefin epoxidation was rapid (<1 h at room
temperature with DMDOQO) while Ci11/12 epoxidation
became noticeable after 15 h; (vi) C10 and C13 silyl ether
protecting groups seemed to Kkinetically protect the
bridgehead olefin from epoxidation; and (vii) neither
sterics nor electronics of the C2 protecting group
influenced the outcome. Two differences exist between
our substrate 4.26 and Oritani’s substrate 4.23: the
oxidation state of the C2 and C7 positions. We assumed
that the C7 substituent would not affect the C ring
conformation, and that it would only present a minor
electronic influence on C1 reactivity, which was consistent
with the fact that Oritani’s substrate had electron-
withdrawing acetyl groups on all hydroxyl groups distal to
C1. This led us to conclude that the presence of the C2 a-
alcohol was sterically or electronically detrimental to C1
reactivity. The simplest way to validate this idea was to
explore the oxidation of C2 epi taxane 4.28, which was
synthesized by intentionally reducing the C2 ketone to the
wrong [3-stereochemistry (Figure 27d).

To our delight, C1 oxidized product 4.29 was observed
for the first time, albeit in trace amounts. The [-
stereochemistry of the alcohol could have simply reduced
the sterics around the C1 C—H bond. It is
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a. Previous work (Oritani et al.)
AcO 9Ac OAc
Me

DMDO

““oTES t,48h

4.23

DMDO

“oTES It,48h

4.26

oxidation pattern

2 a-OH, a-OPG, =0
4 olefin, B-OH

5 a-OH, a-OPG

9 2H, a-OPG, =0
10 2H, B-OPG, =0
20 13  2H, a-OPG, =0

TFDO, DMDO, time, 20  olefin, 3H
temperature, co-solvent PG =TES, TBS, MOM, Ac

Figure 27. (a) Oritani’s seminal C1 oxidation report. (b) Our initial DMDO oxidation attempts on a C2a substrate. (c)
Summary of examined substrates. (d) The first successful C1 oxidation enabled by a C2f3 substrate.

unlikely that a hyperconjugative effect plays an essential
role because the dihedral angles look very similar in both
diastereomers. Hydrogen bonding from the C2 f3-
hydroxyl group could affect the reaction rate, whereas the
more solvated C2 a-alcohol might misdirect DMDO and
sabotage the desired reactivity.!7 Scalable production of
4.28 was therefore necessary to optimize the C1 oxidation
and pursue Taxol® (1.1), however C2 ketone reduction to
give the C2 a-stereochemistry in the first step of the
oxidase phase was considered to be non-ideal. Therefore,
it was decided that a new oxidase phase would be
designed to streamline the overall sequence and improve
the material throughput. Part of this analysis included
delaying the installation of C9 oxygenation until after C1
was present.

This new oxidase phase, outlined in Figure 28, delivered
important clues needed for the ultimately successful route
to 1.1. The synthesis commenced with taxadienone (1.3),
which was site-selectively oxidized at C5 employing an
Akermark-Bickvall ~palladium-catalyzed Cs  allylic
acetoxylation that was previously employed for
taxuyunnanine D (1.4) synthesis.®® C2 ketone reduction
and C5 MOM protection were then realized with high
selectivity to give 4.32. The C13 and C10 oxidation steps
proceeded using the previously developed conditions to
give 4.34, concomitantly re-oxidizing the C2 alcohol back
to the ketone. Stereoselective 1,2-reduction at C13, TBS
protection, and C2 reduction with LiAlH, afforded
intermediate 4.28. Protection of the C2 f(-alcohol was
examined to suppress the competitive C2 oxidation that
takes place during the C1 oxidation; however, the C2 [3-

alcohol of 4.28 was virtually inaccessible, as it was buried
between two methyl groups (C16 and C19). We then made
use of the kinetic isotope effect (KIE) to serve as the
smallest oxidation-resistant protecting group for the
alcohol.’®19 The use of KIE to control reactivity is a tactic
that has been employed in several syntheses.'20-123
Indeed, LiAlD, reduction product 4.37 subdued the
undesired C2 oxidation, thereby kinetically favoring the
desired C1 oxidation product (4.39) upon treatment with
DMDO. However, use of TFDO on compound 4.37 did
not yield the desired product and instead led to
decomposition, indicating that the reagent and the
substrate needed to be precisely matched to realize this
objective.

4.4 Challenging Stereoselective C2 Reduction in the
Presence of C1 Alcohol

Before installing the missing oxidations at C7 and Co,
the C2 alcohol stereochemistry needed to be corrected
since it had been intentionally installed incorrectly to
achieve C1 hydroxylation. Ley—Griffith conditions readily
oxidized C2 to ketone 4.40, which was then subjected to
reduction conditions (Figure 29a). Unsurprisingly,
hydrides and protons were exclusively delivered from the
a-face to afford C2 B-alcohols as a single diastereomer.
The PB-face of the C2 ketone in 4.40 was completely
blocked by the methyl groups at C16 and C19, as well as by
the C10 OTES group. Therefore, hydrogen atom delivery
from that face was impossible despite the fact that the
intermediate a-ketyl radical should thermodynamically
favor the a-configuration. Numerous
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Pd(OAC),,
BQ, AcOH
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TESO PG = Me, Ac, TMS, TESO
TBS, HSiMe,, Me
MOM, Bn

TBSO! ~>&—TBSO!
“‘OMOM
OPG,
4.36
Me
TBSO"
“OMOM

The Journal of Organic Chemistry

1. NBS, BPO
then AgOTf, H,O
TESO TESO 2. TESCI
1. DIBAL
2. TBSOTf
-0

LIAID,

Figure 28. A second-generation oxidase phase designed for C1 oxidation.

substrates bearing various oxidation patterns and
protecting groups were prepared (Figure 29b) in order to
examine the C20 sterics, C20 directing effect,
intramolecular protonation (from Ci and C20),
intramolecular hydride delivery (from C1),'>4 and B ring
conformational effect (C10 a-OR and ketone substrates).
The desired stereoisomer was never observed, and
instead, either decomposition or C2 [-alcohol (as a single
diastereomer) was observed. The decomposition was
often observed for substrates bearing a C4 hydroxyl group
(4.43), wherein a retro-aldol/aldol sequence could
operate (Figure 29c). The possibility of such a pathway
was shown by partial scrambling of the C4 hydroxyl
stereochemistry when treated with base. The labile nature
of this C4 alcohol significantly limits the scope of the
reduction conditions and substrates. For example, a
C4/20 epoxide opening was attempted but could not be
achieved.

Thus, even though we managed to accomplish the
much-desired C1 oxidation, the detrimental pitfall
stemming from a vexing C2 reduction, forced us to
abandon the route shown in Figure 28. In summary, this
decision was taken because of four issues: (i) failure in
stereoselective C2 reduction; (ii) unsuccessful C5 MOM
deprotection (note that MOM groups survived DMDO),
which was the reason oxetane-bearing compounds could
not be prepared; (iii) no method to effect C7 oxidation;
and (iv) poor material throughput.

a. 3D structure of the C2 reduction precursor

16
Me TES
QO 19

Me

various no C2 a-OH
conditions  exclusively B-OH,
0 > noreaction or
TBSO ' decomposition
H- or OMOM

2e then H* 4.40

b. Summary of C2 reduction attempts

R, = H, HSiMe,

R, = H, carbonate (w/Cy), CMe,, Si(i-Pr),

Xj09 =0, a-OH, a-OPG, B-OH, B-OPG

Ry = H, Boc, TBS, MOM, carbonate (w/Cyq), CMey, Si(i-Pr),

examined conditions:

LiBH,, Zn(BH,),, DIBAL, Noyori, MPV, Sml,, Li, Na, LiNaph,

NaNaph, LiDBB, Birch, Cp,TiCl, NaS,0, HSnBus, (TMS);SiH,
photoreduction, intramolecular hydrosilylation

c. Potential decomposition path

C4=
LiOH, H,0, — a-OH
THE, 1t 0 a-OH:p-OH = 1:3
OMOM

4.43

Figure 29. (a) 3D model-based illustration depicting the
stereoselectivity of C2 reduction. (b) Representative
attempts for C2 reduction. (c) Observed C4 epimerization.

15

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

5. An Oxidase Phase that Allows for C2
Stereoselective Reduction

5.1 C20 Desmethyl Oxidase Phase

The arduous challenges posed by C1 oxidation and C2
stereoselective reduction made us deeply reflect on
literature precedent (Figure 30).99125-127 There are only
four reported precedents of C2 a-stereoselective ketone
reduction. Notably, an olefin isomer of 1.3 (A42° instead
of the A5%-olefin) exclusively gave the corresponding -
stereoisomer upon Bouveault—Blanc reduction.®® These
precedents suggested that the key for a successful C2
reduction was to create steric accessibility to C2, wherein
space can be generated by avoiding a pseudo-equatorial
substituent at C4, thus allowing more room for the C2
ketyl intermediate to adopt the a-configuration.

5.1
Williams
Na, EtOH

5.2 5.3
Danishefsky Kuwajima
Zn(BHy)» Na, CF3CH,OH

Figure 30. Literature precedent for a-selective C2
reduction.

Thus, requirements for a new oxidase phase entailed: (i)
a route that avoids a C5 MOM group; (ii) a late-stage C2
ketone deuteride reduction; and (iii) minimization of
steric hindrance at C4 to allow for C2 reduction. These
conditions were met in the third-generation oxidase
phase (Figure 31a). We thus started from a cyclase phase
intermediate, C20 desmethyl taxadienone (5.4),5* which
allows access to substrates similar to 5.1. By following a
similar oxidation sequence to Figure 28, the pivotal
DMDO oxidation precursor 5.5 was synthesized. To our
dismay, this substrate underwent C4 benzyloxy to
benzoate oxidation, followed by C2 oxidation, despite the
presence of the a-deuterium. The C2 oxidation occurred
too rapidly, perhaps because the removal of the C20
carbon made C2 too accessible for DMDO. Sterically and
electronically deactivated substrates, C4 OTES (5.7) and
C4 ketone (5.8), were equally unsuccessful and gave
undesired products (Figure 31b). These outcomes
indicated that the presence of a Cg substituent is
necessary to affect the C ring conformation, such that the
C4 functional groups can effectively protect C2 from
DMDO while the C1 C-H still remains available for
hydroxylation.

a. Des-C20 oxidase phase

b. Other C1 oxidation attempts
TESO

des-C20
5.4 SM Product
5.7 X, =B-OTES C13 enone
5.8 =0 C13-keto-
C14-alcohol
TESO

Figure 31. The third-generation oxidase phase. (a) C20
desmethyl oxidase phase. (b) C1 oxidation attempts with
other substrates.

5.2 Studying a C2 Reduction Model

The abandoned third-generation route made it evident
that meticulous substrate design (creating just enough
steric hindrance around C2) was indispensable to realize
both C1 oxidation and C2 stereoselective reduction. Thus,
the next goal was to find a substrate that gives the desired
C2 a-alcohol in the presence of a C20 carbon. Extensive
substrate examination revealed that ketone 5.9 affords
the desired diastereomer 5.10 in a:p = 2:1 ratio under
modified Bouveault—Blanc conditions analogous to one
employed in the taxabaccatin III (1.5) synthesis (Figure
32). The desired stereoselectivity likely arose from the C4
-OH/a-Me substitution pattern, which could adopt a
staggered conformation with the intermediate ketyl
radical, and result in a thermodynamically more stable a-
configuration. This C4 tetrasubstituted motif was also
desirable to create a sufficient steric barrier around C2
that could direct DMDO onto the C1 C—H bond. This
stereochemical outcome was not observed with other
single-electron reductants (e.g., SmX,),’2%29 which
highlight the unique reactivity of this substrate and the
reaction conditions.

Me Me
. -
—_—
N solvents, rt
H H I\:IIeOH
o

5.10

i-PrOH:solvent result
=1:1 C2a:p

PhMe 21
hexane 2:1
Et,O 3:1
THF 1:1
dioxane 1:2
MTBE 2:1
CPME 2:1

Figure 32. Success in the stereoselective C2 ketone
reduction.
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Further optimization showed that the PhMe-doped
Bouveault—-Blanc reduction conditions (Na, i-PrOH,
PhMe) could drive the reaction to completion even at
room temperature (previously conducted at 8o °C).
Intriguingly, taxadienone (1.3) decomposed upon
exposure to these conditions, which showcases the unique
reactivity of 5.9. Furthermore, reduction at lower
temperatures slowed the reaction rate, and higher
temperatures yielded a diverse set of impurities. Other
proton sources such as MeOH, t-BuOH, TFE, thiols, and
amines gave inferior reactivity, conversion, or
stereoselectivity.3° Reduction of PhMe was not observed
even under Benkeser-type conditions,’3* where PhMe
presumably serves as an electron mediator.’32 Other co-
solvents exhibited a similar rate of acceleration as PhMe,
even though the exact reaction mechanism might be
different from the PhMe conditions. Ultimately, the best
stereoselectivity was obtained when Et,O was used as the
co-solvent (giving a:p = 3:1 ratio). With the identification
of a suitable C4 bearing tertiary alcohol substrate to effect
stereoselective C2 reduction, we were hopeful that the
precise oxidation pattern at C1 and C2 could be installed.
This now left only one oxidation to install: the C7 alcohol.

6. Successful Oxidation of C7 by a Redox Relay
Approach

6.1 Direct C7 Allylic Oxidation Attempts

Three unsuccessful oxidase phase routes were
developed, but for each route, many roadblocks narrowed
down the possible oxidation patterns. The structural
requirements we had learned up to this point are
summarized as follows (Figure 33): (i) a late-stage C2
deuteride reduction; (ii) a C4 tertiary p-hydroxyl group
for a-selective C2 reduction (which would potentially
guide the Ci oxidation event as well, by sterically
protecting C2 from DMDO); (iii) installing a Cs
substituent that would not necessitate a protecting group;
and (iv) installing C10 and C13 bis(silyl)ether substituents
to protect the bridgehead olefin from epoxidation. The
stage was set to begin strategizing on how to introduce the
C7 oxidation.

X C7 oxidation?
Me 10, Me:

masked C5
5 oxidation

2 N X
H 2 H*:NOH" key structure for
Me C2 reduction

6.1

Figure 33. Requirements for the C1 oxidation and the
subsequent, stereoselective C2 reduction.

C7 oxidation was never observed in the course of
directed C-H oxidation attempts and TFDO/DMDO
oxidations, which suggested that the C7 position requires
some form of reactivity enhancement to undergo
oxidation. First, compound 6.2 was synthesized because
its oxidation pattern could be advantageous in
downstream transformations (Figure 34): (i) the key C4
motif was already poised for the stereoselective C2
reduction; (ii) the A5%-olefin serves as a Cs oxidation
placeholder; and (iii) the functionalization of C6 would

The Journal of Organic Chemistry

allow for a potential oxidation relay to C7. Compound 6.2
was tested against numerous allylic oxidation conditions,
but C7 oxidation was never observed. Instead, oxidations
at C11 (under ene and radical-based conditions) and C18
(with SeO, and CrO;+DMP) were often observed,
suggesting that the substrate’s inherent reactivity at the
bridgehead olefin is difficult to overcome. Therefore, the
C13 position was oxidized first to suppress the A»12-olefin
reactivity (giving compound 6.3). Unfortunately, C7
oxidation was not observed with this substrate either,
despite the wide range of examined reaction modes, likely
because of the sterically hindered nature of the target C—
H bond.

Me '8 M double allylic

6 oxidation

e 7

SeO,, Cr(Vl),
6.2 O,, electrochem,
Kharasch type
(Cr, Cu, Mn, Pd,
Fe, Rh, Bi, Ru)

double
y-oxidation

6.3 6.5
Figure 34. Allylic C-H oxidation attempts at C7.

6.2 Enolate-Mediated Saegusa-Type Oxidation

The poorly reactive C7 methylene indicated further
activation is necessary to oxidatively functionalize C7.
Dienone 6.6, prepared from diketone 5.4 (see Figure 31)
in 2 steps, was treated with TMSOTf to afford the
thermodynamic vinylogous(silyl)enol ether at C13 at 0 °C,
which  further reacted to generate another
vinylogous(silyl)enol ether at C4 (6.7) at room
temperature (Figure 35). It is remarkable that such a
strained molecule can be formed: 9 out of 14 peripheral
carbons are sp? hybridized. This dramatic configurational
shift completely altered the shape of this molecule from
spheroid to L-shaped. This intermediate was treated with
Pd(OAc), to effect two Saegusa-type oxidations
simultaneously, installing the oxidations at Cy, C9 and
C10 (thus giving 6.8). The C7 acetoxy group was installed
in an o-configuration (opposite to that of natural taxanes),
caused by the L-shape of the precursor 6.7.

19 -

Pd(OAC),
-~

Me 5
™SO OTMS
6.8
Figure 35. Saegusa-type double oxidation.
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The proximity of the C7 methylene and the A%°-olefin
naturally lent itself to a directed oxidation strategy. The
efficiency of the above transformation notwithstanding,
compound 6.8 and its deacetoxylated form 6.9 could not
afford any further oxidized products, and resulted in no
reaction or decomposition under a variety of olefin
oxidation conditions (Figure 36). While not surprising
based on our prior findings (on triene 3.6 in Section 3.2),
the hope was that the C7 oxygen could direct reactivity to
this quasi-inert olefin. The C20 carbon was then installed
with the hope of affecting the C ring conformation just
enough to adjust the orientation of the C7 hydroxyl group
(6.10). To our dismay, this maneuver did not change the
outcome of the oxidant screening.

6.8 R, =Ac A

examined conditions
MCPBA, TFAA+H,0,,
urea*H,0,, VO(acac), DMDO
AgOAc+l,, OsOy4, RuCls,
MeFi’eOQ, NaOH+H202

"H [ppm]
c10 C9

6.8 5.28 6.36
6.1 5.14 6.35

1. DMP
2. DIBAL

6.11 NOE 6.12

Figure 36. C7 directed A>'°-olefin oxidation attempts.

We hypothesized that the poor reactivity of the A%1°-
olefin in 6.8 might be caused by inductive and resonance
deactivation from the C13 ketone. Indeed, the Cg9 and 10
'"H NMR chemical shifts are relatively downfield (Cg and
C10 protons: 6.36 and 5.28, respectively), while those of
triene (3.6) exhibited more upfield shifts (C9 and Ci0
protons: 5.93 and 5.16, respectively).% Therefore, the C13
ketone was chemoselectively reduced with DIBAL to
afford 6.11. Contrary to our expectations, the Cg and C10
chemical shifts remained roughly the same, which means
that the downfield effect was caused by neither induction
nor resonance from the C13 ketone, but instead from an
induced magnetic field from the bridgehead olefin.
NOESY analysis of 6.11 revealed that the C ring adopts a
boat conformation (NOE correlation between the C20
methyl and the C7 OH), which places the C7 alcohol at an
appropriate configuration for the directed oxidation of
As10-olefin from a relatively accessible concave face,
opposite to the C16 and C19 methyl groups. However, 6.11
also did not undergo C9/10 oxidation. Furthermore, the
C7 B-alcohol (6.12) was prepared, to inspect whether the
C7 stereochemistry affects its directing ability.
Unsurprisingly, the results were identical to those of 6.11.

Unsuccessful outcomes from both C7 hydroxyl
stereoisomers strongly suggested that, yet again, the A%1°-
olefin was simply unreactive regardless of the presence of
a directing group. Although this taxatriene approach
ultimately allowed for the installation of a C7 B-alcohol, it
represented a dead end as the Cg9/10 oxidations were no
longer feasible.

6.3 Enolate-Mediated Double y-Oxidation

We had learned from the bis(silyl)enol ether mediated
double y-oxidation strategy that the oxidation of C7
required high A5%-olefin reactivity. Thus, the same
compound 6.6 was treated with TMSOTT to generate the
bis-vinylogous(silyl)enol ether in situ, however, this time,
a Saegusa-type oxidation was not performed. Instead,
electrophilic Cl, Br, or I was added, giving a C7 and C10
double-oxidation product 6.13 (Figure 37a). The C7
halogen was incorporated with a-configuration, as had
been the case with Saegusa oxidation. To our surprise, the
C10 halogen was also introduced with a-stereochemistry
from the concave face, opposite to the [(-configuration
observed in the routes toward taxuyunannine D (1.4; see
Figure 12) and taxabaccatin III (1.5; see Figure 20).
Unexpectedly, Sy1-type C7 and C10 double solvolysis with
AgOTf did not take place unlike with previous C10 [-Br
substrates (Figure 37a inset table), presumably because
the a-halides were confined in the concave face where the
Ag atom could not approach. Instead, a triethylborane-
mediated radical dehalogenationss successfully replaced
both iodides with hydroxyl groups, although it proceeded
in a stereoretentive fashion at both C7 and C1o0.

This C7a and Cioa bis-hydroxyl compound could be
prepared in a more direct manner by treating the bis-
vinylogous(silyl)enol ether with 'O,. The bridged peroxide
6.15 was stable enough to be isolated by preparative TLC,
but was not stable under basic conditions, and treatment
with triethylamine led to decomposition. Perplexingly,
the C10 hydroperoxide was never observed. In the end,
DMS was used to reduce the endoperoxide and afford
6.16, which could be selectively TES-protected at C10 to
give 6.17. After C4 methylation to give 6.18, the stage
needed to be set for the C1 oxidation: this setup sequence
included C13 reduction, C13 protection, C7 protection and
C2 reduction. A C7 oxidation and C7 reduction sequence
could also be performed if the C7 stereochemistry needed
to be corrected to B at this stage (direct stereoinversion via
Mitsunobu conditions, the Tsunoda reagent!34-136 and
rhenium catalysis'3713% were not effective). After testing
every possible permutation of the above transformations,
it became critically clear that there was no selective way to
realize them. The protections at C7 and Ci13 were
particularly problematic not only in the sense of
selectivity, but also compatibility: we could not devise a
protecting group that is orthogonal to silicon-based
protecting groups (Cio TES is as labile as TMS), and
survive harsh conditions (DIBAL, LiAID,, DMDO, Na)
until the very end of the synthesis. Despite a series of poor
selectivities and low yields, small quantities of the desired
product were carried forward to arrive at 6.19 since our
primary interest lied in the C1 oxidation and C2 reduction.
However, to our great disappointment, DMDO oxidized
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a. Double y-hydroxylation approach
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Me Me TMSOTS reagent result
o then NXS o AgOT{, H,O no reaction
X = Cl. Br. | KO,, 18-crown-6  decomposition
- EtsB, O, C7,C10 a-OH (X =)
H
o (o]
6.6 6.13 6.14
unsuccessful oxidants
TMSOTf Shi, Mn(salen),
then Oz, bV Fg(phen),(PF,)s, CAN, DMDO
R10Q OH
; Me = C13 reduction, C13 protection,
DMS (C7 oxidation, C7 reduction),
[0} C7 protection, C2 reduction
H
o o
6.15 g}g Rio :THES :I TESCI 6.18
b. 3D illustration of DMDO oxidation '
Me
NOE 16 TESO
] OR
19 @e Me °\7L Me Me O —Mej ~
Me H (o} 12 6
HO - 1 v

6.20
R; =H, BOM, Piv, TES, TBS

6.19 Me OoTBS

AN

Figure 37. The fourth-generation oxidase phase. (a) Steps toward a DMDO precursor via a bis-vinylogous(silyl)enol
double y-hydroxylation route. (b) A 3D representation of 6.19 that accounts for oxidation regioselectivity.

the A5%- and A™2-olefins to give 6.20, and C1 oxidation
was not observed. The bridgehead olefin epoxidation
seemed to retard the C1 C—H reactivity. This unexpected
chemoselectivity was tracked by careful NOESY analysis,
which revealed that the C10 o-OTES group adopted an
axial conformation despite its steric bulk, and that the B
ring correspondingly resided in a twist-boat conformation
(Figure 37b). This conformation is probably energetically
more favored than the other possible conformer, boat-
boat, by circumventing steric clashing between the C2 f3-
alcohol, and C16 and C1i9 methyl groups, which is
probably more significant than the steric penalty caused
by an axial OTES group. The conformation of the C10 a-
OTES rendered the A">-olefin more exposed, and
therefore allowed facile epoxidation by DMDO. The
outcome of DMDO oxidation was more or less the same
regardless of the C7 stereochemistry, and regardless of the
presence of a C7 protecting group: the desired Ci
oxidation product was simply not observed.

With these unsatisfactory results, this fourth-generation
oxidase phase route had to be abandoned due to the
following insurmountable problems: (i) poor material
throughput (C13 allylic oxidation in 30% yield, poor
selectivity for C20 methyl installation, non-selective C7
protection); (ii) no suitable protecting groups for C7; (iii)
the undesired C7 stereochemistry; and, most critically,
(iv) unsuccessful C1 oxidation. However, there were two
major learnings through this oxidase phase: (i) it became
clear that a C10 B-OTES group was effectively protecting
the bridgehead olefin from DMDO (see Figure 28); and
(ii) installation of the C7 alcohol is possible from a A5°-
olefin by redox relay through a bis-vinylogous(silyl)enol
ether. However, at this point, we hypothesized that the

choreography of C7 oxidation was incorrect. It is worth
reiterating that one of the most challenging aspects of a
Taxol® (1.1) synthesis is that there are too many similar
functional groups, which inflict minute conformational
changes caused by a relatively flexible B ring.
Comprehending the subtle changes and differences of
each secondary alcohol is therefore essential for the
completion of 1.1. We viewed this as an opportunity to do
a deep dive into oxidation choreography: Which oxidation
state should be introduced in what form, in what order,
and at what stage of the synthesis to maximize the
divergency and feasibility of the entire synthesis? This
was the fundamental question that we sought to answer
as we entered the fifth and final generation of the oxidase
phase.

7. Two-Phase Synthesis of Taxol®

7.1 Rational Design of the Final Oxidation
Choreography

Oxidation choreography requirement:

C5, C13, C10
C13, C5. C10 }mgft Erfcgge
C13.C10, C5 s

* masked oxidation state
¢ |ate stage C7 oxidation
e key motif for C1 oxidation and C2 reduction
. 71

Figure 38. All clues lead to taxane intermediate 7.1 as a
candidate from which to commence the final oxidation
choreography.

The four abandoned routes discussed so far contained a
treasure trove of clues that guided the journey through the
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oxidase-phase maze posed by Taxol® (1.1). These clues,
taken together, provided a number of essential insights
regarding structure—reactivity relationship of the taxane
skeleton. This led to the proposal of a taxane skeleton that
would be most likely to lead to 1.1: taxane 7.1 (Figure 38).

First, masked alcohols (or synthetic equivalents thereof)
on Csz, C10 and C13 needed to be installed before the C1
oxidation. A functional group on C5 seemed to be required
to properly set the C ring conformation and induce C1
oxidation (compare the second- and third-generation
oxidase phases in Figure 28 and 31, respectively). Since
C5 oxidation had to take place at an early stage,
incorporating it as an inert alternative would be more
strategic to avoid potential protecting group issues. The
fourth-generation route demonstrated that early-stage
introduction of any hydroxyl group that is not critical for
reactivity of other parts of the molecule imposed an extra
burden on Taxol’s ever-challenging chemoselectivity
puzzle (Section 6.3). From a reactivity perspective,
neither directed (Section 4.1) nor allylic C7 oxidation
(Section 6.1) was conceivable, which compelled us to
conduct an oxidation relay from Cs5 to C7. Thus, a A5°-
olefin was deemed to be a suitable oxidation state
placeholder.

C10 and Ci13 substituents that sterically protect the
An12-olefin from DMDO were also essential groups to be
incorporated prior to DMDO oxidation of Ci. The
developed Ci10 oxidation method necessitates the
presence of a C13 enone (Section 2.4); therefore, the C13
oxidation should take place prior to Ci0 oxidation.
Paradoxically, the protecting group on C13 has to remain
stable until the very end of the synthesis (before the side
chain attachment), but the deprotection conditions must
be mild enough for high functional group tolerance. One
of the most reliable protecting groups that meets these
criteria is TBS.'323 Furthermore, the Ci10 substituent
needed to be formed with B-stereochemistry to be an
effective protecting group for the bridgehead olefin
(Section 6.3). The C10 alcohol protecting group must also
survive a number of harsh reaction conditions and be
distinguishable from the C13 OTBS. Therefore, TES was
selected for that position.

The C2 a-deuterium is an essential non-canonical
protecting group to kinetically suppress the competitive
C2 ketone formation during the C1 oxidation. The C4 -
tert-alcohol is the critical element that enables Ci
oxidation and C2 stereoselective reduction. This
hypothesis hinged on the observation that neither an
epoxide nor a diol allowed C2 reduction, and a tert-
alcohol was the sole remaining functional group that
could be easily derivatized to a diol (via
dehydration/dihydroxylation) for oxetane closure.

7.2 Oxidation Choreography of CS, C10, and C13

As the fourth-generation oxidase phase suggested, the
C20 desmethyl taxane (5.4) was chosen as a starting point
to accomplish both the installation of the critical C4 f-OH
a-Me moiety as well as a potential oxidation relay to C7.
As depicted in Figure 38, there are three different
oxidation choreographies to arrive at 7.1. It was
empirically discovered that C10 oxidation was extremely

dependent on the C5 functional group (Figure 39 inset
table), and this determined the early-stage oxidation
choreography. This slight structural modification
substantially affected the reactivity at the other side of the
molecule as a consequence of the conformationally
flexible medium-sized ring. However, it is worth
mentioning that the two-phase approach was
advantageous to rapidly examine all the possible order of
operations since the carbon skeleton (with the exception
of C20) was already fully assembled, while a traditional
convergent approach would have necessitated a new
synthetic route to each substrate.

Solvent  Yield [%]
PhCF3 trace

1. Cr(V), MeCN 20
HFIP/TMSOH/t-BuOH HFIP trace
2. CuBr,, THF TMSOH trace

HFIP, TMSOH 50

ca SM Product
7.2 (C5,C6) C10:C18
NBS, BPO, CCl, B-OH, a-Me olefin 1:1
then AgOTf, DTBMP, B-OH, a-Me CHj, CH, trace
TESOH, PhMe ketone olefin 1:1

ketone CH,, CH, 1:1
ketone Br, CH, 1:0

7.3

Figure 39. The final oxidation sequence for Cs, C10 and
C13. DTBMP, 2,6-di-tert-butyl-4-methylpyridine.

The above considerations led to an extensive
optimization of the C13 allylic oxidation on 5.4 (originally
achieved in ca. 20% yield in MeCN) to improve the
material throughput, considering that this was the very
first reaction of the oxidase phase (Figure 39). As
mentioned previously (Section 2.3), Cr(V) is a unique
reagent that regioselectively oxidizes the C13 position
without oxidative cleavage of the A2-olefin. Although
the paramagnetism of Cr(V) limited mechanistic studies
by NMR and the limited literature information on such
complexes rendered optimization challenging, the
oxidation is reported to be highly solvent dependent
(PhCF,;, MTBE, MeCN).586988% Solvent screening
unearthed the finding of a curious solvent combination,
HFIP and TMSOH (pK, = 11),39 as the optimal solvent
system for this transformation. This yield enhancement
was only observed when both HFIP and TMSOH were
used, however, this synergistic effect remains
mechanistically unclear. Ultimately, a ternary solvent
mixture was employed on scale by addition of t~-BuOH,
which was found to play a crucial role in solubilizing the
Cr(V) reagent.
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Our studies in oxidation choreography revealed that Cs
should be the next carbon to be oxidized. However, as
with C7, installation of a hydroxyl group would cause
protecting group manipulation issues downstream, and
therefore the oxidation had to be: (i) tolerant to NBS (used
for C10 oxidation); (ii) readily transformable to a A56-
olefin for the future oxidation relay to C7; and (iii) readily
installable. These requirements led us to use a bromide as
an oxidation state placeholder. To this end, CuBr, was
employed as a mild a-bromination reagent and,
delightfully, gave C5 bromide 7.2. The cleanest reaction
profile was obtained in THF, furnishing 7.2 in 55% yield
over two steps (C13 then Cg oxidation). The remarkably
site-selective a-bromination of the C4 ketone was
attained by taking advantage of the innate reactivity of the
taxane skeleton. C1 and C3 are virtually non-enolizable,
and enolate formation at Ci4 would form a strained
bridgehead diene, which left only the C5 position as the
readily enolizable position. The installation of three
ketones in this compact scaffold might look non-strategic,
however, this maneuver was made with the confidence
that their reactivities are vastly different.

The subsequent Ci0 oxidation from 7.2 to 7.3
proceeded without Cs debromination or radical
fragmentation. The uniquely high site selectivity at C10
was significantly influenced by the Cs5 substituent, which
was one of the reasons why C5 was oxidized not by
Saegusa oxidation, but by bromination (Figure 39 inset
table). A potential explanation for this dramatic change in
selectivity is that the C5 bromine might force the C ring to
adopt a boat conformation upon heating, which affects the
B ring conformation as well, permitting the C10 C-H
antibonding orbital to have a better orbital overlap with
the bridgehead olefin. The subsequent solvolysis with
TESOH regioselectively proceeded at C10 because the C5
position is adjacent to a ketone, where carbocation
formation is unfavored.

7.3 C1 C-H Oxidation with DMDO

The reactivity difference of the carbonyl groups at C2,
C4 and C13 in 7.3 was fully exploited to arrive, without
additional detours, at the key C1 oxidation precursor 7.1.
To our delight, a solution of DMDO in acetone oxidized
7.1 to afford 7.4 in appreciable yield, along with 7.5 and
7.6 (Figure 40). A reactivity comparison between C2
deuterium- and hydrogen-containing substrates validated
the presence of a KIE (Figure 40 inset table). However,
this reaction in acetone could not be pushed to completion
(thus leading to large amounts of incomplete oxidation
product 7.5), since extended reaction times resulted in
another side product: a C13 enone (not shown). Additives,
co-solvents and numerous other reaction variables were
examined,4° however, the reaction yield did not improve.
Although the efficiency of dioxirane-mediated C-H
oxidation is remarkably dependent on its concentration,3®
inconveniently, the concentration of DMDO in acetone
cannot exceed 0.1 M, or it will undergo Baeyer-Villiger
oxidation with the solvent. Therefore, extracting DMDO
into an oxidation-resistant solvent and washing away the
acetone would allow for the preparation of a more
concentrated DMDO solution. Messeguer studied the
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extraction efficiency of DMDO with various oxidation-
resistant solvents, and quantified how the acetone content
in the extracts varied for each solvent as well as for the
number of washes.# As such, using a higher
concentration of DMDO to oxidize 7.1 improved the
product distribution (Figure 40 inset table), which
significantly decreased the labor associated with substrate
recycling, and increased the overall material throughput.
CHCIl, was a particularly effective solvent, presumably
because it enhances the reactivity of DMDO through H-
bonding.'4° Non-polar solvents such as CCl, and PhCF,
led to uncharacterized decomposition, while Na,SO,-
dried DMDO solution in CHCl, completely degraded the
substrate. Trace amounts of water were beneficial to
suppress DMDO’s activity just enough to oxidize the C1
C—H bond, and simultaneously protect the substrate from
oxidative decomposition.

TESO

result [%] (7.4/7.5/7.6)
in acetone (0.09 M) 25 / 45 / 10

7 C2Hinstead of 9 /12 / 37

H ) OHM9 in DCM (0.21 M) 29 / 11/ 12
HO in CHCI3 (0.19 M) 34 /15 /10
in CHCl3 (0.30 M) 49/ 8/ 11

7.4 X = OH desired 7.6

7.5 H incomplete oxidation undesired

Figure 40. Optimization of the C1 oxidation.

This successful outcome indicated that our substrate
design for 7.1 was finally correct with all the following
points fully leveraged; (i) the A2-olefin protection using
the C10 B-OTES and C13 OTBS groups (Sections 4.3 and
6.3); (ii)) the C2 [-stereochemistry, which removed
enough steric hindrance for DMDO to approach the C1 C—
H bond (Section 4.4); (iii) the C2 a-deuterium atom,
which served as the smallest “protecting group” that
kinetically guided the C1 oxidation (Section 4.3); and (iv)
the C4 tetrasubstituted carbon, which also protected C2
from competitive oxidation (Section 5.1).

7.4 Substrate Guided C2 Reduction

Although the C1 oxidation was now feasible in moderate
yields, this route would not be successful without
stereoselective C2 reduction. To this end, Ley-Griffith
oxidation of C2 removed the deuterium and afforded keto
alcohol 7.7 (Figure 41), which contains the C4 tert-p-
hydroxyl group that was essential for the stereoselective
C2 reduction (Section 5.2). Bouveault-Blanc reduction
conditions that were optimized earlier worked with good
stereoselectivity to furnish 7.9 with the C5/6 epoxide
completely unscathed. As discussed in Section 5.2, it is
possible that the C4 substituents allowed a staggered
conformation with the C2 alkoxide in ketyl intermediate
7.8, which generated a persistent a-conformer, leading to
7.9.
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Figure 41. Establishing the C2 a-alcohol.

7.5 C7 Redox-Relay

With the C5/6 epoxide 7.9 in hand, a redox-relay
strategy+%47 emerged as the best tactic to achieve the Cy
oxygenation (Figure 42). After protecting the C1 and C2
alcohols of 7.9 as the carbonate to give 7.10, Lewis acid
screening revealed that BF,-OEt, with TBAI at cryogenic
temperatures could drive the iodohydrin formation to
completion. However, this product 77.11 was unstable, and
reverted to 7.10 during purification, resulting in
inconsistent yields. One-pot addition of TMSIm led to C5
alcohol protection, but also to an undesired Ci0
protecting group swap from TES to TMS (compound
7.13). The addition of typical Lewis bases (e.g. pyridine
and Et;N) reversed the reaction to give the starting 7.10.
Investigation of sterically or electronically biased pyridine
derivatives revealed that 2-fluoropyridine can act as a
mildly basic boron quencher, allowing for selective
formation of 77.12 with the addition of TMSIm to 7.11.

Treatment of compound 7.12 with DMDO immediately
formed iodoso species 7.14, which underwent
spontaneous regioselective syn-elimination to liberate
olefin 7.15. This outcome was consistent with
unsuccessful base-induced E2 elimination attempts from
7.11 1o 7.15. Notably, this iodoso group was such a potent

TBAI,
BFs'oEtZ

71

quencher result

none 7.12:7.13 =46
pyridine 7.10.7.12 =31 00
2-prridine on|y 712

Figure 42. The C7 oxidation relay sequence.

leaving group that a competitive epoxide reclosure path,
where the OTMS group attacks the C6 carbon to
regenerate 7.10, was operative. Unfortunately, this
reaction suffered from reproducibility and scalability
challenges. In search of a more robust oxidation protocol,
metal-mediated iodide oxidations were explored.
Successful iodide oxidation with Mo(CO)s,'4* Li,MoO,,
Ag,Mo0, and W(CO)s43'44 in combination with TBHP
could in fact be achieved. The oxidation did not proceed
with Fe and V or only with TBHP, suggesting the
involvement of an in situ generated molybdenum- and
tungsten-peroxo  species.  Disappointingly, these
conditions normally stalled at olefin 7.15, while DMDO
could oxidize the resulting olefin to the epoxide.'45 Even
though a small amount of epoxide 7.16 was observed with
Mo(CO)s-mediated conditions, the steric hindrance
around the A%7-olefin rendered the epoxidation very
sluggish. Ultimately, exposure of 7.12 to excess DMDO in
acetone in the presence of phosphate buffer solved the
reproducibility issues and cleanly effected iodoso
elimination and tandem A%7-olefin epoxidation to afford
epoxy-taxane 7.16. This entire maneuver (7.10 to 7.16)
was achieved without isolation of unstable intermediates
through a precisely elaborated sequence involving the
addition of orthogonally reactive and volatile reagents.

Finally, the oxidation relay was completed by
regioselective reduction. The high functional group
tolerance (C1/2 carbonate, C4 tert-alcohol, C5 OTMS, C10
OTES) of the Nugent-RajanBabu reagent'46-148 is widely
appreciated in the total synthesis of complex molecules.49
Addition of an organosilane dramatically improved the
mass balance presumably via facile quenching of the C6
radical resulting from the epoxide opening, while
common additives such as water and collidine retarded
relayed from the C4 ketone to C5 bromide, A5%-olefin,
Cs5/6 epoxide, C6 iodide, A7-olefin, C6/7 epoxide, and
finally to the C7 alcohol. Each functional group served as
an oxidation state placeholder that, at least in this context,
did not require protecting groups, and played a
substantial role in setting the stage for remotely guiding
other transformations (C10 bromination, C1 oxidation,
and C2 stereoselective reduction).

0 7.12R;o=TES 7.14
7.13 ™S
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7.6 Completion of the Synthesis

Armed with all the knowledge of oxidation tactics,
choreography and optimized conditions, the two-phase
synthesis was carried out as shown in Figure 43. The
early-stage oxygenation (C5, Ci0 and C13) sequence
started with the Cr(V)-mediated regioselective C13
oxidation, which introduced a functional group
indispensable to taxane bioactivity at the first step.
Subsequent C5 bromination proceeded with perfect
regioselectivity, and then the previously developed Ci0
oxidation furnished 7.3. Although in a different order
compared to taxabaccatin III (1.5),% the same carbons
were still oxidized in the early stages. When using C20
desmethyl taxane 5.4 as the starting material, the best
regioselectivity was achieved.

The middle-stage oxidations required some oxidation
choreography reevaluation to enable the key C1 oxidation
and Cz2 stereoselective reduction. The Cy oxidation relay
was placed after the pivotal Ci1 oxidation due to
compatibility issues with the required functional group
manipulations (i.e., LiAlD,, DMDO, and Na). This
sequence was completed with the regioselective C6/7

The Journal of Organic Chemistry

epoxide reductive opening from compound 7.16 to give
~.18.

With most of the difficult challenges addressed earlier,
transforming taxane 7.18 into Taxol® (1.1) was relatively
straightforward in terms of oxidations, relying on
literature precedent, and on a carefully planned oxidative
end-game. The C4/20 position was oxidized at the late
stages (7.20) much like in biosynthesis, although Co
oxidation became our last oxidation (7.22) while
biosynthesis oxidizes C9 in the middle stages. Because of
this decision to install Cg oxidation last, this route
benefited from Holton’s late-stage keto-alcohol
tautomerization to furnish 7.23, which only needed 2
more steps to complete Taxol® (1.1).'® The final side chain
installation was completed with benzyl-protected [-
lactam 7.24, which had never been utilized in the context
of taxane total synthesis,s° to enable a tandem one-pot
deprotection of the benzyl group and C7 BOM group.

Overall, the difference in oxidation choreography from
the original biomimetic plan to that of the final synthetic
route to Taxol® (1.1) is of note. The early-stage oxidation
choreography remained almost identical across the two-

d. LiBr, Li,CO3
c. NBS, BPO (88%)
then DTBMP, TESO e. MeMgBr then TESO
a. Cr(V) AgOTH, DIBAL then LiAID, Me
b. CuBr, TESOH (74%)
—> 0 —_ 0 —> R0
gy - f. NaHMDS, 13
A Br TBSCI A ' ‘Me
(55%) (68%) o © (94%) Ho O OH
5.4 [gram scale] [gram scale] 7.3 [gram scale] Ry = TBS 7.1
(49%)
K. Ti(I j. TBAI, [gram scale] | 9- PMDO
TESQ oBOM (67%) TESO BF4-OEt, TESO TESO
Me Mey, [BOMCI "¢ e;,0 then2-Fpyr Me h.TPAP,NMO  Me
(84%) 6 then . (81%)
R,0'- ~<——R;0' 5 ~«——R,0' “(04— R,0-
BNy "’ORZ '«,ORTMSimid N~ i. Na, i-PrOH then
T H 4 H 2 then 2: H 1‘Me triphosgene
H Me H Me H pnhosg
0 5 Ho 0 5 HO DMDO 0’5 OH (51%)
[gram scale] (43%) [gram scale]
o 7.18 R,=TMS ¢ 7.16 7.10
o\ | m. Burgess reagent
(32%) then HF
TESO
OBOM
Me]  n.MsCl p. KOt-Bu, Me,

(PhSe0),0
——> R0

q. KOt-Bu then o
triphosgene then Ac,0O (60%)

Oxidation choreography 1. TASF. AcO O gom
early middle late NHBzOo  Me, 1h?4n85f;Ll
biosynthesis 5,10/13  9,7,2  1/4/20 g °
originalplan 510,13 2,9  1,7,420 ™ Y © > omn°
taxuyunnanine D 5, 10, 13 - - OH - i
taxabaccatin Il 2,5, 13 10, 9 - ® | 7.24 i 0
Taxol 2.13,5 10,1,7  4/20,9 Taxol™(1.1) BN )f°
2. LHMDS then 0o 7.23
H,, Pd/C
{85%)

Figure 43. Fifth and final generation of the two-phase synthesis of Taxol® (1.1).

23

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

phase syntheses of the three taxane targets, 1.4, 1.5 and
1.1. On the other hand, the middle- and late-stage
oxidations required more functional-group-dependent
planning, which established the sequence of C1, C2 and C7
oxidations. However, our primary goal of maximizing a
potential analog output was still fulfilled by the early-
stage installation of the C2 and C13 oxidation states,
which are critical to taxane bioactivity.’s* As such, all
intermediates including and beyond 7.1 meet the
minimum structural requirements to enable medicinal
chemistry explorations on the taxane framework.

8. Summary

8.1 Evaluation of Tactics

Our 13-year synthetic journey to Taxol® (1.1) entails
both the cyclase phases' and the oxidase phase,%7-%9
adhering to most of the guidelines originally laid out in
our strategy, i.e., two-phase synthesis logic.5 However, in
order to achieve the synthesis of progressively complex
and oxidized compounds taxuyunnanine D (1.4),
taxabaccatin III (1.5) and Taxol® (1.1), deeper
considerations of functional group interplay (oxidation
choreography) were required, which resulted in several
rounds of route revision.

For the first target, taxuyunnanine D (1.4), laboratory
findings correlated well with the biosynthetic
choreography, wherein chemoselective oxidants for each
allylic position (Cs, then C13 and C10) of taxadiene (1.2)
were discovered (see Figure 12). This proof-of-concept in
the two-phase taxane synthesis paved the way toward a
taxane at a higher oxidation level. For taxabaccatin III
(1.5), which bears additional oxidation at C2 and Co,
taxadienone (1.3) was used as the starting point (and thus
circumventing the need for C2 oxidation), with the Cg
oxidation being carried out at the end. The synthesis from
taxadienone (1.3) to taxabaccatin III (1.5) might appear
to have proceeded as planned, however, it was not without
hurdles, and orthogonal synthesis routes were also
envisioned.®>%  Strategic decisions on oxidation
choreography were essential to install all the oxygenated
functional groups at the proper oxidation level. Tactical
learnings and adjustments in the synthesis of
taxabaccatin III (1.5) include (see Figure 20): (a) C13
must be a ketone for the C10 oxidation, but it must be a
protected alcohol during the Cg oxidation; (b) the C2
ketone of taxadienone (1.3) must be reduced and
protected for C9 oxidation, and thus the C2 and Cg
reductions cannot be performed simultaneously; (c)
despite the known precedent for C9 a-oxidation,820.26
this transformation encountered tremendous challenges
in the synthesis of taxabaccatin III (1.5) as opposed to
that of Taxol® (1.1). This observation was consistent with
the unpredictable nature of the taxane skeleton due to the
medium-sized ring: every functional group on the taxane
framework could affect the reactivity of another position,
regardless of the apparent proximity. These subtle
changes in stereoelectronic, and more importantly,
conformational effects, were found to present numerous
challenges in the synthesis of 1.1.

The milestones of taxuyunnanine D (1.4) and
taxabaccatin III (1.5) syntheses paved a tactical
foundation in our quest to access Taxol® (1.1). The allylic
oxidation choreography laid at the outset of 1.4 was
directly applied for the synthesis of 1.5. It necessitated
slight revision for the synthesis of 1.1, because, to enable
both C1 oxidation and C2 reduction, diketone 5.4, which
is a desmethylated version of the taxane skeleton, had to
be used as the starting point. Even though this forced a
slight deviation from the cyclase-then-oxidase strategy,
since the C5, C10 and C13 atoms are also present in the
desmethyl taxane skeleton, the robustness of the tactics
still held. The two remaining C—H bonds on C1 and C7
could not be functionalized with our original plans of
directed oxidation from neighboring carbon atoms (C2
and Cg). The intermediates from the synthesis of
taxabaccatin III (1.5) were used in our assessment of
various oxidase phase routes toward Taxol® (1.1), and the
route to 1.5 gave us a glimpse of how taxane’s unique
stereoelectronic and conformational effects render
oxidation reactions highly dependent on substrate
control. This further expanded our understanding of the
oxidation choreography and guided us to strategic route
scouting. The introduction of the C1 oxygen atom was
ultimately performed using DMDO, which necessitated a
deuterium-assisted non-canonical C2 protection as well
as a stereochemically and conformationally based
substrate design at C2 and C4. This obligated a late-stage
thermodynamic C2 reduction unlike the taxabaccatin III
(1.5) synthesis, thus leading to several rounds of new
route scouting. The final C7 functionality had to be
installed by a stepwise oxidation relay sequence. On a
positive note, this avoided the use of conventional
protecting groups within this context, which would have
caused compatibility issues with other reaction conditions
along the route.

8.2 Evaluation of Strategy

For the milestone targets of taxuyunnanine D (1.4) and
taxabaccatin III (1.5), two-phase synthesis logic appears
to be a favorable approach, generating these taxanes
efficiently in 12 and 19 steps, respectively. The respective
cyclase phase endpoints of taxadiene (1.2) and
taxadienone (1.3) are good entries into the oxidase phase,
minimizing redox and functional group manipulations.
Both syntheses provided satisfactory answers to the
original hypothesis that such a two-phase route would be
both divergent and efficient. However, assessing whether
Taxol® (1.1) was a suitable platform to test its utility
depends on the point of view. On the one hand, the
number of transformations required to reach 1.1 is less
compared to previous total syntheses, and although a
larger amount of 1.1 has been synthesized in this total
synthesis campaign over others, it required a great
amount of reaction and experiment choreography with a
low overall yield. The route also represents a reasonable
blueprint with which one could base a medicinal
chemistry exploration if semi-synthesis were not possible.
Such a strategy was utilized on ingenol to decipher unique
bioactivity and selectivity as a function of precise
oxidation pattern.3® On the other hand, the proximity of
functional groups on the taxane skeleton, and the
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conformational flexibility requiring route redesign were
challenges exacerbated by the inherent linear nature of
the two-phase logic. The density of functional groups
could perhaps be forged better by a convergent synthesis,
and the conformational unpredictability of the taxane
skeleton as well as protecting group manipulations would
be less problematic if the full carbon skeleton is forged at
the very end. Such an approach, however, would likely not
be ideal for medicinal explorations.

Even at the outset of the two-phase terpene total
synthesis program in 2009,3334 it was clear that
advancements in C—C bond forming methodology were
powerful enough to access minimally oxidized terpene
scaffolds in short order. As clearly pointed out then, it is
in the oxidase phase where synthetic chemistry has great
opportunity for advancement.5*+ This prediction was
certainly borne out in the Taxol story as the taxane core
could be easily made on scale in a handful of steps and the
true challenge resided in the oxidase phase. Thus, two
tactics that could dramatically improve our ability to
mimic the oxidase phase include improved reactivity
prediction methods and chemoselective oxidation
reactions. The synthetic chemistry community has
already begun addressing these challenges: a
computational approach to predict the conformation and
reactivity of complex substrates,’s> and chemoenzymatic
reaction development for highly chemo- and regio-
specific oxidations.'s3  Despite current substrate
limitations, these fields are dramatically advancing and
will be widely in use by more and more synthetic chemists
in the decades to come. At the same time, further chemical
methodology development is still needed for the
community to satisfy the demand for exquisite selective
late-stage oxidations.’54715¢ With such tactics in hand,
medicinal chemistry-oriented complex terpene synthesis
could be further simplified and become more widespread
in the future.

8.3 Concluding Remarks

Taxol® (1.1) is an iconic terpene that is arguably the
most demanding context to explore two-phase synthesis
logic. Most previous syntheses had the specific purpose of
probing whether a total synthesis of 1.1 was possible in
the early 1990s, as well as understanding the chemistry
surrounding 1.1. Considering that neither objective is of
much value today, how can the lessons obtained in this
synthetic campaign be useful?

One of the reasons why two-phase logic has been
demonstrated to be powerful is because it can forge the
entire skeleton and maximize access to bioactive
structures by mimicking biosynthesis. Considering that
Taxol® (1.1) and other taxanes are bioactive, it is possible
that intermediates that are created in the laboratory en
route to 1.1 or other custom-designed taxanes with a
certain oxidation pattern might display some bioactivity
as well. Although the utility of natural products for drug
discovery has stirred much debate,s it is undeniable that
natural products have historically been the source of
inspiration for countless medicines, whether they be
analgesic, antibacterial, antifungal or anticancer agents. If
renewed interest in the medicinal chemistry of the taxane
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family were to occur, one would need to systematically
assess the effect of each oxygen atom in the taxane
pharmacophore. Although previous reports of structure-
activity relationships in this family relied on
deconstruction/deoxygenation of Taxol® (1.1),'5® this
current campaign provides synthetic accessibility to both
lowly (which has yet to be investigated) and highly
oxidized taxanes in a bottom-up manner.

Some of the choices we have made in the oxidative
ascent of the taxane pyramid were guided by the number
of natural taxanes displaying a certain oxidation pattern,
and by the role of specific locations of the molecule
regarding bioactivity. For example, C2 was chosen as the
first oxygenation (i.e., for the cyclase phase endpoint,
taxadienone (1.3)), not only due to the retrosynthetic
simplification, but also because of its prevalence in
natural taxanes, and its critical role in bioactivity.'s% Also,
structure-activity studies on 1.1 have identified the side
chain on the C13 oxygen atom as one of the requirements
for biological activity.'58159 Thus, the oxidation at C13 was
chosen as our second site of oxidation. Accessing Cs
oxidation is also important (which is oxidized
thereafter),’®© and while elaboration of C5/20 to the
oxetane is deemed critical, the synthesis of the oxetane
could be achieved earlier in the synthesis if it were not for
the C7 oxidation. Interestingly, 7-deoxytaxol is as
cytotoxic as Taxol® (1.1),0-163 and therefore C7 oxidation
is seemingly unnecessary, which would render a purely
synthetic route to potentially bioactive taxanes much
shorter in a medicinal chemistry context.

A total synthesis approach to specifically access Taxol®
(1.1), whether by convergent routes or by two-phase logic,
is unlikely to be competitive with the current, fully
enzymatic approach (PCF). However, the lessons learned
in taxane chemistry in the event of a renewed interest in
taxane-based drug design, the perspective gained
surrounding the utility of the two-phase logic in total
synthesis, and the new methods developed,49:68:101,103,164-
166167168 are worthy returns for a 13-year synthetic
campaign to Taxol® (1.1).
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