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Economy ” is referred to as the thrifty and efficient use of material
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resources, as the principle of “minimum effort to reach a goal.”

More illuminating is: “the aim to portion one’s forces in order to use
as little as possible of them to reach a goal.” Such statements

1. Introduction 2855

2. Tactics to Achieve Redox Economy 2856

certainly apply when the goal is to synthesize a complex target
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present-day total synthesis. It is not enough to point out the present
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deficiencies, rather the purpose of this Review is to serve as a

teaching tool for all practitioners of the field by giving and illus-
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trating guidelines to increase redox economy in multistep organic

synthesis.

1. Introduction

Synthesis in the 21st century is addressing more and more
complex target structures. In order to attain a rapid increase
in complexity during a synthesis, the overall efficiency of the
synthetic sequence gains heightened attention. The most
efficient synthesis, the “ideal synthesis,” has been defined by
Hendrickson:"!! “The ideal synthesis creates a complex skel-
eton ... in a sequence only of successive construction reactions
involving no intermediary refunctionalizations, and leading
directly to the structure of the target, not only its skeleton but
also its correctly placed functionality.”

Hendrickson realized that the only indispensable steps in
a synthesis are those that form the molecular skeleton. The
later introduced concepts of atom economy® and step
economy” have provided important conceptual tools in the
planning and analysis of a target-oriented synthesis. Minimiz-
ing the total number of steps as well as the use of superfluous
atoms lays a foundation for achieving overall efficiency.
Unnecessary steps could be avoided if one succeeds in the
skeleton-forming reactions to generate the functionality
required to carry out the next step or to have such
functionality already present. The introduction and later
removal of protecting groups could be rendered obsolete if all
the skeleton-forming reactions could be carried out in a
chemoselective fashion. In line with these considerations,
protecting group free synthesis has been put on the agenda of
organic synthesis in the 21st century.**! Attention then turns
to the avoidance of the remaining refunctionalization steps,
which for the most part are oxidation and reduction reactions.
This requires one to address redox economy'® in synthesis
planning, an aspect that is less well appreciated. In addition to
the seminal work of Hendrickson, Evans has been a pioneer
in this conceptual arena and has pointed out in several
lectures the benefits of a regular increase in oxidation state
during a convergent assemblage process.”” Redox economy
refers to the endeavours to reduce the number of non-
strategic (those that do not set stereochemistry or are not
skeleton-building) or corrective oxidation and reduction steps
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in synthesis, not only because these steps lower the overall
efficiency of a synthesis,® but also since many redox reactions
are difficult to scale up in industrial settings and are
frequently the source of noxious byproducts and environ-
mental problems. In addition, traditional redox reactions such
as the LiAlH,-reduction or chromate oxidations are in many
instances not chemoselective. This high reactivity can impair a
variety of functional groups, requiring additional protection
prior to their use. It becomes immediately clear that
avoidance of chemo-unselective reactions allows for the
reduction in the number of unnecessary redox or protecting
group manipulation steps in synthesis.

Along these lines, one could postulate a synthesis
sequence that is in the extreme devoid of any redox steps.
Such synthesis schemes have been called isohypsic."* In fact
there is a wealth of skeleton-forming reactions that do not
change the oxidation state of the growing molecule. These
encompass most transition metal catalyzed coupling reac-
tions, olefin metathesis, most pericyclic reactions (cycloaddi-
tions and sigmatropic or electrocyclic rearrangements), tradi-
tional transition metal catalyzed or free-radical rearrange-
ments, as well as hydration or dehydration reactions, to name
some of the most pertinent. Thus, this toolbox offers many
opportunities to attain isohypsic synthesis. Yet isohypsic
synthesis may, as an extreme variant, not necessarily be the
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optimum solution. There are redox steps in a synthesis that
are strategic, serving the priority goal of setting stereogenic
centers; examples are the Noyori hydrogenation!”! or the
Corey-Bakshi-Shibata reduction of ketones,""! or the Sharp-
less dihydroxylation reaction.™? It would be unwise not to
take advantage of the potential that these reactions offer to
generate a rapid increase in complexity during a synthesis.
Accordingly, the concept of isohypsic synthesis provides an
important reference point towards which syntheses should be
optimized, but it is equally important to find the compromise
with respect to other criteria for synthesis such as conver-
gency or high stereoselectivity. Hence, redox economy
searches for an acceptable optimum on the way to the
utopian isohypsic extreme.

As the basic concepts of redox economy already exist in
the literature, this Review does not purport the invention of
such an idea. Rather, the purpose of this review is to bring to
light these concepts within a framework that will be of utility
to and stimulate discussion among practitioners of the field.

2. Tactics to Achieve Redox Economy

What are the situations that call for an improvement in
redox economy? Consider—case (1)—an ubiquitous
sequence in synthesis involving a redox step: the generation
of terminal allylic alcohols by Horner—Wadsworth—-Emmons
olefination and reduction (Scheme 1a).

a) R0
EtO'gEt)LOEt LiAH, or «
€ e
RS0 R oRt T RT M oH
b) PS.
- oTBS
~ 5_\—0TBS Py<HF \
~ —_—
RS0 - R RTXA"on
c)
Z>MgX OH MeSOH
R N> o AF T Yo
aq. THF

Scheme 1. Skeleton-extending routes to allylic alcohols. A list of
abbreviations is provided at the end of this Review.
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Are there redox-neutral™ alternatives? At first one may
turn to a carbonyl olefination reaction at the correct oxidation
level (Scheme 1b).") Then, one can consider a vinylation
followed by a rearrangement of the internal allylic alcohol to
a terminal one,'! a reaction related to the Meyer—Schuster
reaction (Scheme 1c). While these alternatives are devoid of
redox steps, neither of them reduces the number of steps as
compared with the reaction of Scheme 1a. The absence of a
LiAIH,- or related reduction, though, may allow for the
avoidance of protecting groups or refunctionalization else-
where in the substrate.

Complete rethinking of the situation leads to a better way
to access terminal allylic alcohols. Hendrickson!'! teaches us
to introduce a functional group together with the skeleton-
forming reaction. But the advantage gained in doing this will
be lost when this functional group has to be protected and
later deprotected during the subsequent course of the syn-
thesis. It may therefore be advantageous (although not
perfect) to construct the skeleton first and then to introduce
the functional group in a separate step at a stage of the
synthesis where protection of this functional group or other
moieties may no longer be required. Following this line of
thought two possible alternative exists: 1) alkene cross-meta-
thesis!"”! of a terminal olefin with allyl alcohol or allyl acetate
(Scheme 2 a); or 2) direct synthesis of terminal allylic acetates
by palladium-catalyzed allylic oxidation (Scheme 2b).!'*!

b) cat. Pd",

RNF > R N"oac
AcOH,
co-oxidant

Scheme 2. Chemoselective routes to allylic alcohols.

The importance of these transformations arises from their
high functional-group tolerance. It is exactly in the context of
streamlining syntheses that the significance of these works is
established.!'!

Redox steps accumulate in synthesis when—case (2)—
accessing aldehydes, the preferred starting points for skel-
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eton-forming reactions such as the Wittig reaction, aldol
addition, or organometallic additions. Because of its high
reactivity, the aldehyde function is usually generated imme-
diately preceding the above skeleton forming reactions by
either oxidation of primary alcohols or 1,2-diols or by
transformation of an ester group, that is, by redox reactions.
Conversion of an ester into an aldehyde is most common, but
not without problems (Scheme 3). Direct conversion by a
limited amount of DIBAH™ is capricious to the point that
this route is rarely used. Rather it is customary to reduce the
ester with LiAlH, to a primary alcohol and to oxidize the
latter in a subsequent step. This constitutes a sequence of two
redox steps just to get the aldehyde function one needs!

0
Y LiAIH, ~
—»

R” “OMe R™ "OH
o DIBAH Dess

Martin
J\ .OMe
R™ N LiAH,
Me
0
o Et,SiH )l\
P [y
R” “SEt  PdiC

Scheme 3. Generating aldehydes by refunctionalization.

In contrast to esters, Weinreb amides” or thioesters?!!
can be readily reduced directly to aldehydes. Provided the
Weinreb amide or thioester can be incorporated with the
starting material, it is advisable to plan a synthesis with these
acid derivatives instead of simple esters as latent aldehydes.
But to enhance redox economy further it is attractive to
consider other aldehyde precursors than acid derivatives.
Here, the anti-Markovnikoff-hydration of alkynes!'**! stands
out (Scheme 4a). Likewise, the hydroformylation of

a)

(o]
R Ru cat.
\ > R \)LH
b)
Ru cat. @
R ————™ R H
H,/CO

Scheme 4. Generating aldehydes by functionalization.
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alkenes™! assumes a prominent position (Scheme 4b). Both
reactions are compatible with a variety of functional groups.

Moreover, hydroformylation reactions may frequently be
carried out in tandem with the follow-up reaction of the
aldehyde (such as Wittig reaction or imine formation),
reducing the step count of a synthesis even further.

Coming back to redox economy, the above case studies
illustrate how the number of redox steps in a synthesis may be
reduced by proper choice of reactions or by proper choice of
the sequence of reaction steps. Another way to reduce the
number of oxidation or reduction steps in a synthesis is to turn
to systems that may undergo refunctionalization by isomer-
ization equivalent to internal redox reactions. Examples are
olefin isomerizations that generate (latent) aldehyde func-
tions, referred to as “redox isomerizations” by Trost
(Scheme 5).124

[¢]
/\OH - R/\)LH
R
Scheme 5. |somerizations equivalent to internal redox reactions.

Such isomerizations complement the possibilities to
resolve the problems associated with case (2) above. Internal
redox reactions involving N-heterocyclic carbenes also open
attractive routes for refunctionalization as seen in the
examples in Scheme 6.%! The details of such a process™! are
delineated in Scheme 7.

0 N-heterocyclic fo)
carbene,
R _oaene e
H . Nu
nucleophile

¢} same

- Nu

OH O
O same /\)OL

Scheme 6. N-heterocyclic carbene catalyzed internal redox reactions.

The two participating functional groups do not necessarily
have to be conjugated. It suffices when a catalyst can reach
them both as in a rhodium-catalyzed reduction—oxidation
process (Scheme 8a).””) Likewise, ruthenium-catalyzed inter-
molecular transfer hydrogenative coupling reactions are
redox-neutral skeleton forming reactions (Scheme 8b).?%?’!

The Tishchenko reaction®! (Scheme 9a) as well as the
Evans-Tishchenko reaction®®! (Scheme 9b) are also exam-
ples of redox-neutral reactions for they couple either two
aldehydes or an aldehyde with a -hydroxy ketone by an
internal hydride transfer.

Equivalent to internal redox reactions are tandem reac-
tions, in which oxidation and reduction steps are coupled. This
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Ph/\)LNHPh

Scheme 7. Mechanism of an N-heterocyclic carbene catalyzed internal
redox reaction.
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Scheme 8. Transition-metal-catalyzed redox-neutral reactions.
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Scheme 9. The redox-neutral Tishchenko and Evans-Tishchenko
reactions.

is exemplified by the concept of “borrowing hydrogen”P! as
shown in the reaction between an alcohol and a nitrile to give
a reduced and coupled product (Scheme 10a).**! This
reaction involves the iridium-catalyzed oxidation of an
alcohol to an aldehyde, base-mediated condensation to give
an o,pB-unsaturated nitrile, and subsequent reduction to the
saturated compound catalyzed by the same iridium complex.
The reaction sequence proceeds without a stoichiometric
oxidation or reduction reagent because the redox steps are

www.angewandte.org
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R R’

Scheme 10. “Borrowing hydrogen” to avoid explicit redox steps.

coupled by means of the iridium catalyst. The same catalyst
and concept has been applied to the coupling of alcohols with
amines, proceeding along a coupled oxidation-reductive
amination pathway (Scheme 10b).F2-3]

These transformations are distinctly isohypsic, yet their
incorporation into a synthetic sequence does not automati-
cally render that sequence redox-economic because one has
to take into account all the redox steps that are necessary to
generate the starting structures. Thus, it would be inappro-
priate to refer to a redox-neutral reaction (or any singular
method) as redox-economic. Any particular reaction can
either involve redox steps or be devoid of it. Redox economy
is applied only in relation to a multistep synthetic sequence.
There is a wealth of non-redox-neutral construction reactions
that can introduce considerable complexity from simpler
starting materials that could be applied in a redox-economic
synthesis. This directly reflects advancement within the field
of organic synthesis that has occurred over the past several
decades. For example, Hendrickson made the statement that
“oxidative and reductive couplings ... are rarely useful in
synthesis since they are only effective for creating symmetrical
dimers in intermolecular reactions.”™ While this may have
been accurate in 1975, such a statement is far from the truth
today. Redox coupling reactions have seen considerable
improvement in recent years; there are countless examples
of such reactions and their application in synthesis that clearly
have not been covered in this Review, many of which could be
or are topics of entire books (see Section 7). The purpose of
this Review is not to comprehensively cover them or any
methodology in particular, but rather to provide guidelines
for increasing redox economy in the construction of mole-
cules.

To summarize, a redox-neutral step (constructively power-
ful as it may be) does not necessarily make a synthesis redox-
economic, nor does the application of redox steps render a
synthesis non-redox-economic; both kinds of reactions can be
utilized in a highly redox-economic synthesis assuming a non-
circuitous derivation of starting materials and a judicious
choice of complexity increasing disconnections. Redox econ-
omy is therefore achieved at the strategic and tactical level in
multistep synthesis wherein the overall sequence is scruti-
nized with such considerations. This is illustrated in the
discussion of complex molecular construction below.

Angew. Chem. Int. Ed. 2009, 48, 2854—2867
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3. Redox-Economic Syntheses m(COgtBu
. - S N COo,tBu
Note: In the synthesis examples traditional oxidation or H
reduction steps are highlighted in red while strategic oxida- (\//EO
tion or reduction steps are highlighted in blue. S
Most complex target structures for organic synthesis Boc
contain carbon atoms at various levels of oxidation. There-
fore, oxidation-state adjustment is likely to occur at some o NBoc LDA,
point in any synthesis. This will preclude a completely CO,fBu m
. . . . e 2
isohypsic synthesis. Redox economy in turn allows for a b [FeCl,]
one-time oxidation-state adjustment of a carbon atom and R
frowns upon subsequent changes. This leads to the insight that
“the overall oxidation level of intermediates should linearly
escalate during assembly of the molecular framework.”P") .
Inversely, a linear decrease in oxidation level (while more H (CH,O),,
. . HCI, MeOH,
rare of a case) could be just as efflc'lent. Sucl.l approaches H e
should lead to the most redox-economic synthesis of complex MeO,C aq. Na,COy,
target sj[rucj[ures. A graphical repr.esentation Qf these idea§ is & crco; TFA
shown in Figure 1 for a hypothetical synthesis from starting
materials of varying oxidation state to a target of specified 1. LDA, CH0;
 Jati TFA
oxidation state. 2 Hel
L]
o OH
'J:' actinophyllic acid
= hydrochloride
]
= Scheme 11. A highly redox-economic synthesis of actinophyllic acid.
T
x
o]
Johnson’s recent synthesis of zaragozic acid CP*! (Scheme 12)
that explicitly seeks to minimize oxidation state variance. It
nicely demonstrates the hard-to-reach situation in which the
Number of steps oxidation level of the starting materials is chosen such that
O starting material — redox economic (linear)
— redox economic (exponential)
. target — non-redox economic 1. kinetic OBn
. . resolution
---- isohypsic extreme N - g L
Q 1 ) s COyBu 2o N O o0
Figure 1. A schematic view of redox economy in a synthetic i {equlv) _— H"j e H = = e —CO,Bu
sequence inspired by Evans’ lectures on the topic.” Bu0,C” “TBS 2. 0 BuO,C e TBSO CO,tBu
(2 equiv) otBu oTBS BuOC  rps
08B
. . °© e - 1. LDA; TMSCI
The benefit of applying the concepts of redox B A~ =R 2 RLi
economy is to streamline syntheses of complex target e
molecules to an optimal point, approaching the ideal He OB 1. KOtBu T
. . . . 2. (Bu-Rgt. : ]
synthesis as defined by Hendrickson.! It is easy to R 07—CO:Bu e MeOH P
dfamonstrate that efficient and short syntheses have a zBucgc OHCOszU i fNBi?F';’;i MeOLC 2. TBSOTS :
high level of redox economy as demonstrated by the
near-isohypsic synthesis of actinophyllic acid by Over- OtBu Me.,, Bn
[34] . . tBu-Rgt. = )\
man et al. (Scheme 11).°* In this synthesis, nearly every PN > NHiPr
step is skeleton-building—the use of an oxidative intra- e OH
molecular enolate coupling and aza-Cope-Mannich COuBu 4 stepsi®38 o M - H o
cascade are powerfully simplifying disconnections. CO,Bu ! BN COH
While it may be more difficult to document that Me HO.C 4
adherence to redox economy will necessarily shorten a Zaragozicacid G
synthesis, an exemplary and nearly isohypsic example iS  Scheme 12. A virtually isohypsic synthesis of zaragozic acid C.
Angew. Chem. Int. Ed. 2009, 48, 2854—2867 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 2859
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they can be carried over without additional redox intercon-
versions into the product. Ultimately it occurs with one redox
operation and in 18 steps overall. In comparison, three other
syntheses of zaragozic acid C occur in 22 steps with eight
redox operations,*® 30 steps with 11 redox operations (one of
which is strategic),’”) and 36 steps with 13 redox operations
(two of which are strategic);* a synthesis of zaragozic acid A
(which differs only in the side chains) occurs in 33 steps with
eight redox operations (three being strategic).” This is
additionally impressive in the case of such a highly oxidized
target.

OBz H H

b i KHMDS, ;
CoMe — o CO,Me CO,Me
HO™ N o L N
H E:bz " ez

o
To A~ PH g

i
2. MeC(OMe),NMe,
130°C

o o o)
Me;NJ\E " i MerN Me. NJ'k
: 2, PhOPOCI,,
~TN f-P—— Y
PH b, PH b

3. TIPSCI II/\/

OTIPS

2. AllylSnBu,,

OTIPS
1., pH5ES
AIBN

9 Me
o, g
1. LDA, Mel f
—_— 7 N o
i H
; Cbz 2. ArseCN,
BUP; H,0,

oTIPS

OTIPS QTIPS
1

1. Lawesson 1. Hz. PA(OH),
—_—

2. FOPP

Scheme 13. The first synthesis of stenine.

Another convincing case for the advantage of
adhering to the principles of redox economy is
given by two syntheses of the alkaloid stenine.
The first successful synthesis*! shown in
Scheme 13 had to break new ground. One can
see how it sets up the substituent pattern of the
central six-membered ring carefully layer by
layer. In addressing each subtask in a separate
manner the synthesis amasses a large number of
redox adjustment steps.

Ten years later in the 21st century it is the aim
to carry out synthesis in a much more focused N
fashion, utilizing cascade reactions, and capital-
izing on atom-, step-, and redox economy as well
as protecting group free synthesis. All these P
attributes apply to the stenine synthesis'*!! shown
in Scheme 14. This recent synthesis of stenine
succeeded with just two reduction operations,
one of which was strategic.

The advantage of redox-economic synthesis Br
also becomes clear on comparing two syntheses

Iz

IZ -z
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TMSO N,

LiIHMDS
BrCH,CO;Me
MeO,C
1. NaBH,
e
2. LIHMDS,
Mel

Scheme 14. A 21st century synthesis of stenine.

that target a unique structural motif in strategically similar
ways. This is shown for the case of similarly advanced
psychotrimine precursors in Scheme 15. Both Takayama et al.
(Scheme 15a)* and Baran (Scheme 15b)¥! chose to intro-
duce the hallmark (indole N1)—(indole C3) bond in the first
step of their total syntheses. However, the large number of
redox manipulations in the former case renders this route far
less efficient.

CHO
X
Br

KCN HCI
2 NaHMDS
1. Cul,
K,PO,
2. Red-Al

2. NsCI, Et;N 1. sBulj; ‘z N
-

H
3 2, InE!ra, 3

3. (Me0),50,, X
M N =~ N
e DBU Boc Me Z TNO, Boc Me
aTtmsore |
NHCO,Me I { it
! ™S
@: NH N
NH, H NHCO,Me
—_ —_
NIS N X Pd" \
Bi H  coMe B COZMe

Scheme 15. Key steps from two psychotrimine syntheses.
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4. Guidelines: Linear Increase/Decrease in
Oxidation Level

Any overshooting in the oxidation level of a functional
group (as in Scheme 1) requires a redox-adjustment immedi-
ately or at a later stage. To avoid this, it is advisable to change
the oxidation level of a carbon atom only gradually to just
reach the desired oxidation level but not more or less.
Moreover, it is advisable to effect this oxidation as late as
possible in the synthesis sequence because this offers the
chance to prevent the necessity of having to protect this (or
another) functional group during the subsequent steps. Such
an approach is illustrated by comparing the routes to the
spiro-hydroxyimidazoline ring in the axinellamines.

In the first approach by Overman and Lanman
(Scheme 16a)™! the starting point is an imidazolinone, a
moiety in which the oxidation level has to be reduced. In

0 1. CbzCl, NaH
2. Nal
NH —>

Nt( 3. NH, e |
b) SMe 4. H,, PdIC NH,
{Bu 1Bu
o 1. TsCl, NaH 2
e
Nt N @ — N N
- 3. TFA
Me \< 4. Na-naphth. Me \<
DMBNH NH,
c) R g OH
: silver(ll)- T 5
R{}NH ) picolinate R{?NH )
NS TFA NS Tra
NH NH

Scheme 16. Approaches to the spiro-hydroxyimidazoline ring of the
axinellamines.

order to achieve this, a protecting group (benzyloxycarbonyl)
had to be introduced and subsequently removed. In the
subsequent approach by Romo and Tang (Scheme 16b)*!
again an N-protected amino-imidazolinone served as the
starting point. To effect the required reduction, the other
nitrogen had to be blocked by a tosyl group. All in all, what
appeared initially as a simple reduction required three
additional protecting group management steps!

Scheme 16c¢ refers to the actual axinellamine synthesis by
Baran et al.*®] Here the oxidation level of the imidazoline
ring was kept low throughout the major part of the synthesis.
Only three steps before the end, the imidazoline was oxidized
to the spiro-hydroxyimidazoline. The success depended on
the fortuitous discovery of the proper oxidizing agent, silver
picolinate, which neither led to overoxidation, nor did it
require any protecting groups elsewhere in the axinellamine
structure.[*"!

The introduction of a functional group by a separate
oxidation step does not meet the Hendrickson criteria of an
ideal synthesis, rather it reflects a compromise with respect to
the present state of the art of organic synthesis; it is thus
certainly preferable to introduce a functional group late in the
synthesis by a separate step as opposed to having it generated
in a skeleton-building step early in the synthesis and
subsequently posing chemoselectivity issues. Two syntheses,

Angew. Chem. Int. Ed. 2009, 48, 2854—2867
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one of allosecurinine and the other of its naturally occurring
enantiomer, viroallosecurinine, illustrate the advantage of a
late placement of oxidation steps. The first one of viroallo-
securinine (Scheme 17)*"! assembles major parts of the
skeleton first with the two sole oxidation steps preceding
the final ring closure reaction.

1. RMgBr

2. TFA

@ 1. Boc,O
ER——

“ScoH 2 Pyscoc
H

Hoveyda
cat.

TFA; K,COy
for p-Br

or
TFA for a-Br

Scheme 17. Total synthesis of viroallosecurinine.

The second synthesis (Scheme 18)* builds on a longer
method-oriented route to the starting point. It then enters a
sequence of refunctionalization steps to access first a vinyl
ketone and then the butenolide substructure. The synthesis is
concluded by ring-closing metathesis followed by traditional
closure of the piperidine ring.

The comparison of the two syntheses emphasizes the
greater focus of the first approach, allowing for a rapid
increase in complexity by the enyne-metathesis before
linearly increasing to the correct oxidation state. The second

OH

OPMB —

1. NaCN H

2. ArSeCN; BocN

—_—
A 4 H,0, H
‘COMe ‘CO,Me
MeO,C =~ ° MeO,C 2 CO:Me
available KHMDS
i s}

in 9 steps 'sN'%P“

Hoveyda 1.DDQ
Grubbs Il cat. 2. MsCl, Et;N
3. TFA; SiO,

Scheme 18. Total synthesis of allosecurinine.
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approach, in contrast, runs through a sequence of redox
reactions. The attendant lower redox economy detracts from
this synthetic approach to the securina alkaloids.

5. Guidelines: Biomimetic Approaches

Nature exhibits near perfect redox economy in its
selective synthesis of natural products while not necessarily
adhering to the isohypsic extreme. Two representative
biosyntheses of the natural products taxol and erythronoli-
de B are shown in Scheme 19. In the case of taxol, geranyl-

taxadiene
synthase

Me OPP

ionyl CoA

propionyl Co. 71
+ e

e

o a polyketide
synthase

Me
methylmalonyl CoA

Me
erythronolide B

Me
6-deoxyerythronolide B

Scheme 19. Comparative linear increase or decrease of oxidation state in
natural-product biosynthesis.
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geranyl diphosphate is converted by taxadiene synthase to the
tricycle taxadiene.*”) This core is then linearly oxidized at
eight carbons by a number of cytochrome P450-dependant
enzymes to taxol. Erythronolide B provides an example
of the inverse case wherein propionyl CoA and six
methylmalonyl CoA units are joined together by a
polyketide synthase in a sequence involving carbon-
carbon bond formation steps interspersed with seven
reductions to produce 6-deoxyerythronolide B.”"! In
polyketide synthesis, nature thus uses a sequence of
linear reduction to set the correct oxidation state as well
as the relative stereochemistry. A further cytochrome
P450-dependant hydroxylation sets the C-6 oxidation
state stereospecifically.

Applying known (or implied) biosynthetic lessons
towards natural products in the laboratory (i.e. bio-
mimetic total synthesis) should therefore be redox-
economic at least for that part of the synthesis that is
patterned after nature’s precedent.

Staying with the syntheses of allosecurinine, this is
demonstrated by a recent biomimetic synthesis?!
shown in Scheme 20 that proceeds via menisdaurilide,
the presumed biogenetic precursor of allosecurinine.
The synthesis of menisdaurilide starts from quinone as a
cheap building block.F" Accordingly one carbon atom
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"'OH
(6] 1. SOCl,
2. montmorillonite
K-10
OTBDPS 0
NaBH,
CeCl,

0;' l;
0

OH
1. TBDPSCI
-
o’ 2.TIPSOTF )
o

TIPSO Cfm
l OH

menisdaurilide
Bu,BOTf
OTBDPS

1. Et;N+3HF
o il

2. MsCl

Scheme 20. Biomimetic total synthesis of allosecurinine.

was too high in oxidation level and had to be reduced in the
last step towards menisdaurilide. The subsequent biomimetic
conversion of menisdaurilide into allosecurinine®™ did not
require any further redox operations. This synthesis is thus
equally effective as the one shown in Scheme 17.

A further example is given by the syntheses of salinospor-
amide A, a compound that is challenging because of its high
level of oxygenation, the presence of five contiguous stereo-
genic centers (two of them quaternary), and the presence of
the sensitive (-lactone functionality. Initial synthetic efforts
towards salinosporamide A focused on the stereochemical
issues. An impressive solution to generate the two adjacent
quaternary stereocenters is presented in Scheme 21.5%%

This synthesis is characterized by five skeleton-forming
steps, seven redox operations, and nine protecting group

PMB
(o] 7
CO,Bu N CO,Bu
1. LIHMDS f. O
2, HCI ,/
—_— 0
3. PMBCI 1. PhSeNa
4. H,, Pd/C 2. BnBr,
K,CO4

! CO.Bn
A CO,iBu 1. H;0,

1.BCl
2.80Pcl  ©.
oH ————
3. PhyPCl,

Scheme 21. An impressive stereochemical solution to salinosporamide A.

Angew. Chem. Int. Ed. 2009, 48, 2854—2867


http://www.angewandte.org

Synthetic Methods

management steps. However, nature appears to generate
salinosporamide and related structures in a more straightfor-
ward manner, as the proposed® biosynthesis pathway
implies (Scheme 22).

amide coupling

aldol- o) H
Iactomzatlon N 1
__________ R
SR >\f R? . o
R3 o [2+2] via ketene R.3 (o)

Scheme 22. Proposed biogenesis of salinosporamide A.

This scheme served as a guideline to devise a biomimetic
synthesis of salinosporamide A, resulting in a suprisingly
direct synthesis of this target (Scheme 23)" that has only a
single controlled oxidation step and manages with just three
protecting-group operations.

PMBHN
0
e S

OBn

—l-
[Pd(PPh;),]
morpholme Cl

Scheme 23. Biomimetic total synthesis of salinosporamide A.

A further interesting case is given by the syntheses of
glabrescol, whose biosynthesis may occur®™ by a hexa-
epoxidation of squalene to give a distinct stereoisomer
(Scheme 24). A cyclase may then convert this intermediate
in one operation into glabrescol.

A synthesis following this lead by Corey et al. managed to
reach the goal with just two oxidation steps™ (Scheme 25),
one of which may be viewed as an exponential increase in
oxidation level.

Me = = =

=
8

Meft O R MO H MeC H Me

glabrescol

i O we i ©

Scheme 24. Proposed biogenesis of glabrescol.
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2. (CH,).C(OMe),, Me—.
(E.E)-farnesyl TsOH O
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3. K,CO,, MeOH
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Me’

4. MsClI; LiBr Me Me Me
l Rieke-Ba
Me
ME7LQ Me Me Me, Me

0, <
Z Z = = y -
Me" e :
Me Me - O+Me

Mg-—\,’ O} o Me
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) Me oxidation level]
Oxone Me
Me, Me

Me OH HO wel H Me” H

1. MsCl, py
2. NaOAc, AcOH

Me H

glabrescol

Scheme 25. Biogenesis-inspired synthesis of glabrescol.

A synthesis of glabrescol which adhered less to the
proposed biogenesis turned out to be substantially longer
(Scheme 26) requiring two reduction and three oxidation
steps.®

The examples shown in Schemes 20, 23, and 25 demon-
strate that a biomimetic synthesis offers the chance of
achieving a high level of redox economy.

sc OH
1. LDA, TMSCI
Me/\\rCOEME X
S |
Me e OH Me
1. TBSCI
2. SAE
Me o OH 1. MOMCI Me oTBS
2. TBAF
MOMOM_‘_ M
o H (o}
Me H:50E OH Me
1. MsCl, py
—_— B .
o~: -0 ‘0
2. K,CO, me H e
1. Me z N SPh
Me Me Li

HO™: H I
Me Me Me Me Me Me

[VO(acac),] [exponential
TBHP, TFA increase in
oxidation level]
glabrescol

Scheme 26. A second total synthesis of glabrescol.
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6. Redox Economy in Process Research

Arguably the greatest practitioners of redox economy are
process chemists who, often in the quiet of the patent
literature, develop remarkably elegant syntheses of small
molecules. While medicinal chemistry routes tend to focus
more on diversification and speed in order to find potential
leads, the process chemist must take these routes (or start
over from scratch) and develop one based on atom, step, and
redox economy.

In process studies on GW475151, a creative isohypsic
approach to a functionalized oxazole was developed. As
opposed to synthesizing the heterocycle by redox methods,
the researchers had the required oxidation state within the
starting materials and then performed an “oxidation state
transfer” through the molecular skeleton (Scheme 27)."!

Cl
cl 1. NaOMe 1. NaOMe
)\ Cl)\«O Me — \O/ Me
Cl CN HO.
2. N_Z/ 2.CSA, A N
HCIH,N” ~CO,Me CO,Me CO,Me

Scheme 27. A transfer of oxidation state in oxazole synthesis.

Researchers at Eli Lilly required a process-scale synthesis
of L'Y300164, a drug candidate for the treatment of epilepsy
and neurodegenerative disorders. The modified discovery
route (Scheme 28, left) circuitously sets up the oxidation state
of the benzodiazepine, twice readjusting that of the carbonyl
carbon of the starting material. After its reduction and
oxidation, a chiral auxiliary-mediated reduction, while stra-
tegic in setting the sole stereocenter, then reduces this same

LY300164

Scheme 28. Modified discovery (left) and process routes (right) to LY300164.
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carbon. The process route (Scheme 28, right) stereoselec-
tively reduces the carbonyl in the first step, obviating further
adjustment. This avoidance of unnecessary redox manipula-
tions allowed the process chemists to raise the yield from 14 %
to 55% overall !

The original synthesis of an intermediate en route to
BMS-180291, a thromboxane A2 receptor antagonist, is
shown in Scheme 29.5) The excessive use of redox manipu-

C 1 combine
3. Resolution

1lMEO)k;ppn,
2 M. Pd
R
5 ‘ OSiR,
B CHO ¢
4. R;SiCl MgBr
5. Mg
1.H
CoMe 2 A0 OSIR,
2 3 3
| 7 | OH
O onc © oH
1. AcCl, MeOH
2
CO,Me —m
2 _— N 5 CO,Na
| TCOH ,\/)_q
0
9 N=CgHy

BMS-180291 H

Scheme 29. Original synthesis of a BMS-180291 intermediate.

lations (8 shown) resulted in an unacceptable 3%
overall yield. The oxidation state of the carboxylic acid
in the final intermediate is of particular note, for while
it is already at the correct level in the starting maleic
anydride the initial route carried it through the syn-
thesis at the alcohol oxidation level.

The process route is able to reduce the number of
redox steps to three by chemoselectively manipulating
only one of the anhydride carbonyls and performing a
simultaneous olefin and benzylic alcohol hydrogena-
tion in the final step (Scheme 30).

7. Suggested Further Reading

As the purpose of this Review is to serve as a
teaching tool rather than as an encyclopaedic coverage
of all redox-economic methodology and synthesis,
numerous examples have clearly been overlooked.
The reader is encouraged to further critically analyze
the literature through the redox economy filter pre-
sented here. Selected targets of redox-economic total
synthesis are shown in Scheme 31.

In the realm of transition metal catalyzed cross
coupling, direct bond formation without the need for
prior functionalization (i.e. by halogenation or stoi-
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Scheme 30. Process synthesis of a BMS-180291 intermediate.
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Scheme 31. Suggested further total-synthesis reading.

chiometric metalation) is redox-neutral,[®®! as is the entire
burgeoning field of C H activation!® as well as directed
metalation.”” The application of gold catalysis is predicated
on the metal’s reluctance to participate in oxidative addition
and reductive elimination cycles and is clearly of high utility
in skeleton-building reactions.”"’ Redox-economic syntheses
could clearly result from the appropriate incorporation of
such reactions.

8. Putting Redox Economy to Practice

How does one put the ideas of redox economy to use in
the planning and execution of a total synthesis? According to
Corey: “Cycles of perception and logical analysis applied
reiteratively to a target structure and to the ‘data field’ of
chemistry lead to the development of concepts and ideas for
solving a synthetic problem.”U’ In order to have such a
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solution turn out to be redox-economic, four specifics should

be considered and iteratively applied in such a cycle:

e One should seek to use redox-neutral reagents to accom-
plish reaction(s) on the same starting material, such as
choosing the Ir-catalyzed transfer reductive amination of
an alcohol®! mentioned earlier as opposed to a traditional
two-step oxidation followed by reductive amination. Each
redox step in a planned synthesis should then be analyzed
as to whether reagents exist that could make the redox step
unnecessary.

o Redox economy should be applied tactically by examining
slight changes in the starting materials. The result would
not be a drastic rewriting of the synthetic analysis. For
example, this could mean the application of cross-meta-
thesis or allylic oxidation methodology as mentioned
previously to obtain a terminal allylic alcohol without
starting from an aldehyde.

o Choreography must be scrutinized in order to optimally
introduce functionality and avoid chemo-unselective reac-
tions that may require protection or oxidation state
adjustment. The glabrescrol example showcases intelligent
choreography in the polyepoxidation step that reduces the
number of epoxidation steps to one.

@ The most drastic maximization of redox economy (and
most difficult to plan a priori) can occur through examining
connectivity and choosing challenging and unprecedented
retrosynthetic disconnections that drastically simplify the
forward plan without superfluously altering the oxidation
state of starting materials or products. The invention of a
direct indole—aniline coupling for the total synthesis of
psychotrimine!! is an example of such an approach.

9. Summary and Outlook

The pursuit of redox economy will have a considerable
impact on the practice of organic synthesis. The economics of
synthesis planning and analysis can be simultaneously exam-
ined from the vantage point of atom, step, and redox
manipulations. In atom economy® the goal is to minimize
wasteful steps and encourage the use of catalysis to efficiently
generate molecular frameworks. In step economy,”) a more
“macroscopic” view of the entire synthesis is taken and a
general reduction in the number of steps is encouraged
through the use of powerful reactions and strategies that build
up complexity as rapidly as possible. The goals of redox-
economic syntheses are to minimize unnecessary non-strate-
gic redox manipulations within a synthesis. When the
oxidation state of intermediates changes, it should do so in
a linear (or exponential) fashion and steadily increase or
decrease throughout the course of the synthesis without
overshooting the goal and requiring an extra redox step. An
ideal synthesis should benefit from the concepts and princi-
ples espoused by all three economies. A conscious adherance
to these principles in the planning stages of a synthesis will
foster an innovative and invention-driven approach to total
synthesis.
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Abbreviations

DDQ
Dess—Martin

DIBAH
DMB
dppe
FDPP
HMDS
IBX
KHMDS
Lawesson

LDA
LiHMDS
Ms
NaHMDS
NBS

NIS
NMO

Ns

PMB

Py
Red-Al

SAD
SAE
TBAF
TBHP
TBDPS
TBS
Tf
TFA
THF
TIPS
T™S
TPAP
Ts

acetyl

acetylacetonyl
2,2'-azobis(2-methylpropionitrile)
benzyl

tert-butoxycarbonyl

benzoyl

cerium(IV) ammonium nitrate
catalytic

benzyloxycarbonyl

coenzyme A

cyclopentadienyl
camphorsulfonic acid
1,5-diphenyl-1,4-pentadien-3-one
1,8-diazabicyclo[5.4.0]Jundec-7-ene

2,3-dichloro-5,6-dicyano-1,4-benzoquinone

1,1,1-tris(acetyloxy)-1,1-dihydro-1,2-ben-
ziodoxol-3-(1H)-one
diisobutylaluminum hydride
3,4-dimethoxybenzyl
1,2-bis(diphenylphosphino)ethane
pentafluorophenyl diphenylphosphinate
hexamethyldisilazine

o-iodoxybenzoic acid

potassium hexamethyldisilazide
2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-
diphosphetane 2,4-disulfide

lithium diisopropylamide

lithium hexamethyldisilazide
methanesulfonyl

sodium hexamethyldisilazide
N-bromosuccinimide
N-iodosuccinimide
4-methylmorpholine-N-oxide
nitrobenzenesulfonyl
para-methoxybenzyl

pyridine

sodium bis(2-methoxyethoxy)aluminum
hydride

Sharpless asymmetric dihydroxylation
Sharpless asymmetric epoxidation
tetra-n-butylammonium fluoride
tert-butyl hydroperoxide
tert-butyldiphenylsilyl
tert-butyldimethylsilyl
trifluoromethanesulfonyl

trifluoroacetic acid

tetrahydrofuran

triisopropylsilyl

trimethylsilyl

tetra-n-propylammonium perruthenate
4-toluenesulfonyl
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