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Preface

Synthesis is at the core of organic chemistry. In order for compounds to be
studied—be it as drugs, materials, or because of their physical properties—
they have to be prepared, often in multistep synthetic sequences. Thus, the
target compound is at the outset of synthesis planning.

Synthesis involves creating the target compound from smaller, readily
available building blocks. Immediately, questions arise: From which build-
ing blocks? In which sequence? By which reactions? Nature creates many
highly complex “natural products” via reaction cascades, in which an assort-
ment of starting compounds present within the cell is transformed by specific
(for each target structure) combinations of modular enzymes in specific se-
quences into the target compounds [1, 2]. To mimic this efficiency is the
dream of an ideal synthesis [2]. However, we are at present so far from re-
alising such a “one-pot” operation that actual synthesis has to be achieved
via a sequence of individual discrete steps. Thus, we are left with the task of
planning each synthesis individually in an optimal fashion.

Synthesis planning must be conducted with regard for certain specifica-
tions, some of which are due to the structure of the target molecule, and
some of which relate to external parameters such as costs, environmental
compatibility, or novelty. We will not consider these external aspects in this
context. Planning of a synthesis is based on a pool of information regarding
chemical reactions that can be executed reliably and in high chemical yield.
However, systematic planning of syntheses may in turn identify new types
of reactions that would be worthwhile to develop.

For everyone who sets out to synthesize a target compound, planning is the
foremost intellectual task. Nevertheless, many steps and sequences in syn-
thesis are chosen by force of habit. Frequently a chemist is not aware of the
strengths or weaknesses of a particular projected synthetic sequence. Hence,
reflection about the planning of syntheses has a social science component.
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One has to pinpoint why chemists react to certain synthesis problems in a
distinct way and not otherwise. For this reason, the development of a “logic
of chemical synthesis” [3] brought significant progress, which was in due
course recognized in 1990 with the Nobel Prize. However, the notion of such
a logical approach to synthesis is like a sermon in church: one listens and
accepts how one ought to behave, but the next day one’s reality reflects a
different story.

One can see from the following considerations that the planning of syn-
theses is in a technical sense not a solved problem: Access to all published
synthetic methodology ensures that all chemists are given equal information.
Hence, for a given target compound and a given set of parameters, it should
be possible to find the single optimal synthesis sequence, or at least a set of
equivalent synthetic approaches. All other proposed syntheses should, in the-
ory, be inferior and not worthy of pursuit. A look at today’s journals proves
this is not the case. The reason for this situation cannot solely be ascribed to
the fact that the outcome (e.g., the yields) of individual reactions cannot be
predicted with sufficient confidence [4], which causes chemists to scrutinize
several reaction variants in order to successfully attain a desired transforma-
tion. Rather, the reason for this situation is that the awareness of, and the
ability for, retrosynthetic analysis is not equally adopted by every chemist.

However, one should recognize that this imperfection is a cause for intel-
lectual as well as aesthetic excitement in the process of planning a synthesis.
The combinatorics of several individual reaction steps leads to such an enor-
mous number of possible (even reasonable) reaction sequences for a given
target compound that chemists rely on a subjective choice of projected reac-
tions, which are based on just limited information. Reaction sequences that
come to mind at the spur of the moment can appear surprising, impressive,
or even elegant. This is where the artistic, creative, and fascinating elements
of planning a synthesis arise: to usher a synthesis approach down one par-
ticular path and not another. In this sense one can compare the planning of
a synthesis with a game of chess [5]. The objectives are clear, yet the num-
ber of meaningful moves is so large that any choice becomes subjective.
Everyone can reproduce a master chess play, realizing by the third move
that he would have chosen another option. At present there exist computer
programs for chess, which evaluate all possible options for moves, given a
distinct placement of the pieces. The computer will rank these options based
on programmed algorithms and will choose accordingly. In the end the game
is more rational and logical, but at the same time less exciting.

This analogy demonstrates that “logic-driven, mechanized” considera-
tions of the principles of synthesis planning will demystify this subject. The
more rational the plans for syntheses become, the less apparent will be the
subjective aspect, the artistic element of the chemist behind the planning
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process. In this way, the planning of syntheses is being transformed from
an art to a technique. Whether one regrets this or not, this is the hallmark
of many historic transformations in science. A telltale sign of such a trans-
formation is the development of a specific terminology which is understood
solely by the adepts of the field. This is precisely what has happened in the
area of synthesis planning during the last three decades.

The author would like to thank Prof. B. H. Lipshutz (UCSB, Santa Bar-
bara, Ca.), as well as Prof. P. S. Baran (Scripps Research Institute, LaJolla,
Ca.) and their graduate students for their inspiring discussions and input,
which led to the improvement of the present English version beyond the
original German version of the book. My thanks also go to C. Konig and
T. Mahnke (Marburg) for checking the contents and references throughout
this book.

Marburg, July 2008 R.W. Hoffmann
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Chapter 1
Introduction

Abstract Any synthesis of a target structure requires a plan, which is derived from the
target structure by a retrosynthetic analysis. This analysis identifies the bonds to be
made in the forward synthesis, i.e., the bond-set. Guiding principles are listed, along
which synthesis plans may be developed.

When looking at a target structure, three main aspects should be given atten-
tion: the molecular skeleton, the kind and placement of functional groups,
and the kind and placement of stereogenic centers. All three aspects im-
part the planning process for a synthesis; they are interdependent, yet they
are not of equal importance. Functional groups may be readily intercon-
verted [1] and, moreover, may be generated from existing C=0 and C=C
double bond entities. Also, the techniques of stereoselective synthesis have
reached a standard [2] such that considerations regarding the generation of
stereogenic centers, while an important aspect of synthesis planning, are no
longer a paramount problem. In most cases, efficient access to the molecular
skeleton remains the major challenge.

Hence, one normally focuses first on the molecular skeleton when plan-
ning a synthesis. Consider, for example callystatin A, a target molecule
of medium complexity (Scheme 1.1). Try to identify building blocks from
which this molecule could be assembled. To do this, one cuts the structure
into smaller fragments using retrosynthetic disconnections.

There is actually no meaningful alternative in synthesis planning, as
S. J. Danishefsky [3] puts it: “It would be improbable, to say the least, to
plan the synthesis of a complex target structure through a cognitive process
which is fully progressive in nature. Given the stupefying number of ways in
which one might begin and proceed, it would seem unlikely that the human
mind would go anywhere but in the retrosynthetic direction wherein, at least
generally, complexity is reduced as the planning exercise goes on.”

Retrosynthetic disconnections are done best in a manner that produces re-
sulting pieces of approximately similar size [4]. Such a tactic will enable the

R.W. Hoffmann, Elements of Synthesis Planning, 1
DOI 10.1007/978-3-540-79220-8_1, © Springer-Verlag Berlin Heidelberg 2009



2 1 Introduction

Scheme A

W ~ S
X °
4 N + Yo A~
.’fx 20"

Scheme B

Scheme 1.1 Two (of many conceivable) retrosynthetic schemes for callystatin A, a cy-
tostatic compound of limited natural supply

forward synthesis to proceed in a highly convergent manner (cf. Chap. 8).
When one does these cuts based solely on the topology of the target struc-
ture, one neglects the knowledge of how to execute bond formation in the
forward direction. As the experienced chemist knows which type of bonds
he can easily form in actual synthesis, this information, together with the
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topological considerations, guides the retrosynthetic disconnections. Hence,
selecting cuts in retrosynthesis means striking a balance between topological
considerations and the availability of easily attainable forward synthetic op-
erations.

At this stage of the planning process, the pieces resulting from the cuts
do not have to be fully defined with regard to specific functional groups.
Rather, the planning process at this stage yields a highly generalized synthe-
sis plan, as illustrated in Scheme 1.1 for callystatin A [5]. Each conceived
retrosynthetic cut is symbolized by a hollow arrow (“retrosynthetic arrow”),
whereas each planned forward synthetic step is indicated by a normal arrow.
The not yet defined functionalities, enabling bond formation in the synthetic
direction, have been designated by the symbols X and Y.

The completion of actual syntheses of callystatin A by these and further
routes can be found in reference number [5].

The two retrosynthetic schemes for callystatin A reveal significant differ-
ences. In Scheme A, the cuts are done to separate the target into pieces of
roughly similar size. By contrast, in Scheme B, the cuts have been done at
the periphery of the target structure; thus failing to provide optimal retrosyn-
thetic simplification.

Retrosynthesis schemes generally have the shape of an upside-down tree.
At the root is the target structure, while the outer branches constitute the
ensemble of starting materials (cf. Scheme 1.2).

@ Retrosynthesis  Synthesis

@ @

Scheme 1.2 Synthesis tree; Int = intermediate product, SM = starting material
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Inasmuch as the starting materials are only vaguely defined at this level
of the planning process, one stops when the retrosynthetic cuts have yielded
pieces of five to eight skeletal atoms. Building blocks of that size are of-
ten commercially available or can be readily obtained by known literature
procedures.

The formulation of a retrosynthesis scheme is a process in which each step
(cut) is consequential for the possibilities available for the next step (cut).
This is a hierarchical process, because the synthesis tree defines a temporal
sequence in which the bonds are to be formed. Yet obviously there is the
possibility for permutation in the sequences of bond formation.

The ordering of the synthesis steps and the detailed nature of the starting
materials are left open in a frequently used depiction of the retrosynthetic
analysis. Simply put, bonds that are projected to be formed by synthesis are
marked with a dashed line. This generates a set of marked bonds, which are
referred to as a bond-set [4]. Such notation is perfectly suited for comparing
several syntheses of a given target structure (cf. Scheme 1.3).

OH O Ho o
° . . i 3
2l R , A N B
N, \,.\ \ BT

Scheme A Scheme B

Scheme 1.3 Bond-sets for two realized syntheses of callystatin A

Bond-set notation is further exemplified in Scheme 1.4, wherein six actual
syntheses of macrolactin A are organized for ready comparison.

23

OH 3 OH 1 OH
S f&%’i 4 ﬁ%/\/\/j 2 l‘i%/'\/\/i 2
070 070 0”0
HO ’\/ﬁ"’” HO \/\/ﬁ"lo Ho \:3/\)/"%
HO™ }*11 HON 37 HO N\ ¥
J. P. Marino [6] A. B. Smith lIl [7] E. M. Carreira [8]
2 OH 8 OH OH
?{\/\/\}Hj 4 (\/L f/\/i ﬁ\/‘\/\/}j
070 N 070 050
HO \/\/H""/ HO% o HO /\/\)/"'//
HO\ 7 HO WS HO Wi
1
J. Pattenden [9] J. Vilarrasa [10] S. Tanimori [11]

Scheme 1.4 Realized syntheses (or syntheses in progress) of macrolactin A, an antibi-
otic of limited availability
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In almost all cases, the retrosynthetic cuts are performed until pieces of
five to eight skeletal atoms result, which are either commercially available or
readily synthesized with the appropriate functionality. Comparison of the dif-
ferent bond-sets reveals not only differences in the retrosynthetic approaches,
but also common features that originate from particular structural moieties,
suggesting certain construction reactions. The expert recognizes the gener-
ation of 1,3-diene units by Pd(0)-catalysed coupling reactions. One equally
appreciates the options opened by allyl metal addition to aldehydes, by al-
dol additions, or by carbonyl-olefination reactions. One also notes that olefin
metathesis, one of the best methods of forming macrocyclic rings [12], will
be problematic in this case, as the target structure contains a plethora of sim-
ilarly substituted olefinic bonds.

The core of planning a synthesis is to select the individual bonds of a
bond-set and the sequence of bond-forming steps in such a manner that in
the end an efficient synthesis of the target structure can be realized. Several
(quite different) guidelines help in this process. A survey of a multitude of
published syntheses reveals that bonds in a bond-set are marked according to:

e the kind and arrangement of functional groups in the target structure =
FG oriented,

e the peculiarities (branches, rings) of the skeleton of the target structure =
Skeleton oriented;

o the availability of certain (frequently chiral) building blocks = Building
block oriented;

e the expertise in certain synthetic methodologies = Method oriented.

An optimal synthesis plan rarely follows one of the above options ex-
clusively. Rather, it results from a virtuoso combination of all four of the
guidelines. Accordingly, we aspire to learn the basics underlying all of these
guidelines and how they relate to the selection of a reasonable bond-set (see
Chaps. 2-6). The efficiency of a synthesis not only depends on the bond-sets,
but also on the sequence by which the individual bonds are formed (i.e., con-
vergent vs. linear syntheses). In Chap. 8 we will address criteria for rating
different synthesis plans. This reveals the sorts of steps that reduce synthetic
efficiency (i.e., refunctionalization steps, and the introduction as well as re-
moval of protecting groups or auxiliaries). When the use of protecting groups
cannot be avoided completely, there are possibilities by which to minimize
the drawbacks of protecting groups, as discussed in Chap. 7.

The points stressed earlier should be highlighted once more: Construc-
tion of the skeleton of the target structure is the prime task in synthesis
planning, not the placement of functionalities or stereogenic centers. This
priority is best reflected when a newly reported target structure arouses the
interest of the synthetic community. In such a situation, possible approaches
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to the skeleton of the new target structure are evaluated with respect to (func-
tionally) trimmed down versions of the target structure. For example, vari-
ous inroads to guanacastepene [13] have been explored via construction of
trimmed down guanacastepene congeners [14] (Scheme 1.5).

a)

E.J. Sorensen [15] S.J. Danishefsky [16] D. Lee [17] K. Brummond [18]

Scheme 1.5 (a) guanacastepene A, active against antibiotic-resistant bacteria, natural
source no longer accessible; (b) representative trimmed down skeletal versions

The preliminary goals shown in Scheme 1.5b contain the whole or major
parts of the target skeleton (Scheme 1.5a), but lack the complete endowment
of functional groups present in guanacastepene. This was reserved for a sec-
ond phase of the synthesis effort.
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Chapter 2
Functional Group Oriented Bond-Sets

Abstract During synthesis most skeletal bonds are made by polar bond formation in
the vicinity of functional groups. The distance between the bond being formed and the
functional group determines the sign of the polarity of the bond forming reaction; distance
relationships from 1,1 to 1,3 are considered. When bond formation occurs between two
functional groups, a mismatch in polarity may result and has to be corrected by using
“umpoled” synthons.

2.1 Polar Bond Formation

When we identify a certain bond in the target structure as one to be made
in synthesis (i.e., including it in the bond-set), we should reflect upon the
possibilities for constructing such a skeletal bond in the forward synthetic
direction. Skeletal bonds are primarily made by polar bond-forming reac-
tions, as illustrated in Scheme 2.1.

R.&~Ph — R-MgCl + Cl_-XPh
[}

1 7 2 3
Ph;{/ —— Ph-MgCl + TosO._~
° ___
Li,CuCl,
Arﬁ/ Ar' — Ar-MgCl  + ﬂ Ar
[
OH ~__“ 0
Me. ® . %
’W — Me,CuLi + \/\n/
(0] ~___“ (0]

Scheme 2.1 Examples of polar bond-forming reactions

R.W. Hoffmann, Elements of Synthesis Planning, 9
DOI 10.1007/978-3-540-79220-8_2, © Springer-Verlag Berlin Heidelberg 2009
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We call the disconnection of compound 1 into potential precursor building
blocks 2 and 3 a retrosynthetic transformation [1]. In this manner, we capture
our knowledge about a synthetic reaction that leads from 2 and 3 to com-
pound 1. A retrosynthetic transformation is written in the direction opposite
to that of a synthetic transformation. As the overwhelming number of syn-
thetic reactions is based on polar bond-forming events, these feature promi-
nently in delineating retrosynthetic transformations of target structures.

During a polar bond-forming reaction, one of the partners (the nucle-
ophile) provides the electron pair that is to form the new bond. The other
partner (the electrophile) can, on account of an energetically low-lying empty
orbital (LUMO), accommodate the bond-forming electrons. One can choose
between two different polarity patterns in order to form a skeletal bond in
this manner (Scheme 2.2):

R® + ®_ X Ph

R® + ©_~XPh

Scheme 2.2 The two different polarity patterns for the formation of a skeletal bond

Which of these options turns out to be more attractive? This depends on
how easily a negative or positive (partial) charge can be stabilized in the real
synthesis reactants. Here is the point at which the functional groups present
in the target structure have to be considered. Seebach [2] demonstrated in a

2, 1
- acceptorat C-1 = a -synthon
R 1 X )(B\X
O e} ,
M ——= JL©  donoratc-2 = d*synthon
R ; CH; -H™ R™ “CH,
2

O
(0] 3 ) 9
-~ - = a°-synthon (=vinylogue to a'-synthon
R)v )\/ acceptor at C-3 Y (=vinylog y )

Scheme 2.3 (Partial) charges at or near a carbonyl group; a = acceptor, d = donor. The
number designates the position of the reactive center with respect to the skeletal atom of
the functional group
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fundamental study that a functional group, e.g., a carbonyl group, can help to
stabilize either positive or negative charges, depending on the distance from
this functional group (Scheme 2.3). In doing this, the removal (or addition)
of a proton to accentuate the reactivity pattern—as is done in actual synthetic
transformations—is implied.

This leads to clear preferences for the polarity of bond formation at or
near a carbonyl group in the target structure (Scheme 2.4):

oa:d o
RJ%&/\R. — RJLNIL\ + XMg-CH,-CH,-R'
° a' | nucleophile
od:a o-
. X-CH,-R'
. — + 2
RJ\/ e R R& a2 electrophile
O a;d o]
R)J\/\,/.R. | — R)J\/ + R'5Culi
. ad nucleophile

Scheme 2.4 Different polarity in bond-forming reactions depending on the distance
from a carbonyl group

This illustrates how a carbonyl group present in the target structure af-
fects the possible types of bond formation in its vicinity. Other functional
groups will possess related polarity patterns. To establish such polarity pat-
terns separately for every functional group that commonly occurs in target
structures would, however, overcomplicate the exercise, for it would over-
load the early-planning phase of the synthesis with too many details. Rather,
at this stage one relies on the knowledge that most of the important functional
groups can be readily (frequently in one-step operations) interconverted [3]
(Scheme 2.5).

X S~ OH NHR

<O> )
SO

Scheme 2.5 Interconversion of functional groups
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As a consequence, one uses a heteroatom substituent X as a generic place-
holder for the basic garden varieties of functional groups. This placeholder
marks the position of a functional group in the retrosynthetic planning pro-
cess and determines the preferred polarity for bond formation in the vicinity
of such a generalized functional group [4, 5, 6] (Scheme 2.6).

R)1\:'2:'/\:'4:'/ )\é X

N3 N~ R™ 1

at' 11 == asynthon R&? X

———> a’-synthon

Scheme 2.6 General rule for the polarity of bond formation in the vicinity of a het-
eroatom substituent

2.1.1 Polar Synthons

In order to develop a general rule for synthesis planning as depicted in
Scheme 2.6, we had to make considerable simplifications of the target struc-
ture. The relation to the original target structure should, however, be possible
at every moment. This implies the ability to connect generalized synthon for-
mulas to existing reactions or reagents.

Retrosynthetic analysis leads to generalized building blocks, which in-
corporate a reaction principle. These generalized building blocks are called
“synthons” [7]. This notation was first employed by Corey [8]. Unfortu-
nately, usage of this term [9] by the chemical community is not consistent.
We prefer the usage promoted by Seebach [2], in which a quasi-real axiomat-
ically defined synthon is related to a series of corresponding real reagents.
This is illustrated with regard to a d>-synthon in Scheme 2.7.

In order to carry out the forward synthetic reactions, one has only to
choose the most appropriate reagent, depending on whether a hard or soft
nucleophile is best compatible with the bystanding functionalities in the
intermediates, and depending on whether these functionalities prefer a re-
action to be run in strongly basic, neutral, or mildly acidic media. Unfor-
tunately, there does not yet exist a compilation of standard synthons and
their corresponding real reagents. Some hints are found in references [2, 7].
Reagents corresponding to donor synthons are listed in references [10, 11].
Some reagents corresponding to a'- respectively a’-synthons are given in
Scheme 2.8.
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))J(\ d-synthon /'l\"N"‘i ol Q o SiMes
R © R& R& R& R&

0 O O/\O/ \N/
RJ\@ R)H@ R)\/Li R)\/Li RJ\/Li

COOMe S(O)Ph

X 2 . .
d=-synth
synthon o'l L|\0)§N
o © AL p AL

Scheme 2.7 d?-Synthons and corresponding real reagents

|X al-synthon O Me 0
|
o N
R)@ X

MeO_ OMe AcO_ CI

)X a'l-synthon
(0]
e T R

X a3-synthon
)J\/ X i
R [©) RJ\/ RJ\/\ cl

Scheme 2.8 a!- respectively a3-synthons and corresponding reagents

Logically, an extension of this sequence would lead to d*-synthons, for
which a few corresponding reagents exist (Scheme 2.9). In practice, com-
pound 4 is likely to display competing d2- and d*-reactivity [12]. In the case
of compound 8§, there is no relation of the reactivity at C-4 to the functional-
ity at C-1; rather the acetal moiety is masking the carbonyl group, protecting
it from the donor reactivity at C-4.

The connection between functionality at C-1 and reactivity at C-n is no
longer present. Generally speaking, the synthon concept applies predom-
inantly to distances between the functionality and reactive center of 1-3
skeletal atoms. Thus, the reach of a functional group in governing remote
reactivity extends no further than the skeletal atom “3”.
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X d*-synthon o SnOTf I\
o_ O
AN
R)J\/\ @ R)\/\ RM MgCl
4 5
Ref. [12]

Scheme 2.9 d*-synthons and corresponding reagents

2.1.2 Bond Formation Between Two Functional Groups

The synthons with a'-, d’-, and a’-reactivity are not all the synthons one

encounters in synthesis planning. Further synthons show up when one con-
siders target structures with two or more functional groups, provided their
distance ranges from 1,2 to 1,6 (counting the skeletal atoms that carry the
heteroatom of the functional group). One can select any bond in between
these two functional groups for retrosynthetic scission, as summarized in
Scheme 2.10.

ji d' - i a
1,2-relationship R {R R
a' X d'ix
' A
[ ] [ ]
[ ] [ ]
Xt X X j(\
1,3-relationship R)\ \)\R R)\i R
all d? d2 ! a'
° °
e ¥ ]

i X
1,4-relationship R)\E\/\/RI R)\E/\/RI R)\/EN/RI R)\/\ETRI
. X

X . X X . X
1,5-relationship R)\/E\)\R' R)\/ \)\R
d2

42! a8 23!
. °
’ ’
X ! X '
1,6-relationship R)\/\\/\/R R)\/\\/\/R
aS!d3 X d3iad® X
, ~ A
® [ ]

Scheme 2.10 Bond formation between two functional groups in relationships from 7,2
to 1,6
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Scheme 2.10 demonstrates that:

skeletal bond formation between two functional groups is possible using
the hitherto introduced (natural) synthons, as long as the relationship
between the functional groups is 1,3 or 1,5.

skeletal bond formation between two functional groups in a relationship
1,2, 1,4, or 1,6 requires in addition a different set of (unnatural) syn-
thons, which are called umpoled synthons [2].

The umpoled synthons are marked in Scheme 2.10 by arrows. The types of
synthons that occur in Scheme 2.10 are summarized in Scheme 2.11.

X X
)\.2'./\'.4?/ )\020 e o
1 H i N
R 13N O oaNg
al b at
d? b a?
3 ' 3
a ' d
d* at
"natural” "umpoled"

Scheme 2.11 Natural and non-natural (=umpoled) synthons

2.1.3 Umpolung

The conception and development of umpoled synthons were a direct con-
sequence of the above rational concepts for synthesis planning [2]. Before
discussing the principles of umpolung and their consequences for planning
and efficiency of syntheses, some examples of umpoled synthons are pre-
sented in Scheme 2.12.

What is umpolung [2], and how does one use it in synthesis planning? The
transformations of an a'-synthon to a d!-synthon and the reverse, shown in
Scheme 2.13, illustrate this aspect.

Umpolung is a process by which one converts a synthon of natural reac-
tivity into one of “umpoled” or “inverted” reactivity. The accomplishment of
this step enables a skeleton bond-forming reaction which, without umpolung,
would not have been possible. At the end of the reaction sequence one must
reverse the umpolung in order to liberate the functional group with which
one started. Thus, the incorporation of an umpoled synthon in a reaction
sequence requires at least two additional steps than reaction sequences that
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2 Functional Group Oriented Bond-Sets
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Scheme 2.12 d'-, a’-, respectively d3-synthons and corresponding real reagents

o umpolung m activation m =d'-synthon
- S><S S><S
R™ H R™ 'H R™ L
=a'-synthon R'X
skeletal bond forming reaction
0 reversal of umpolung
A S8
R™ R R™OR
O umpolung NC OSiMe; activation  NC OSiMe; =d'-synthon
R™ "H R™ 'H R” L
=a'-synthon R'X
skeletal bond forming reaction
0 reversal of umpolung NC_OSiMes
M RR

R™ R

Scheme 2.13 Steps by which umpolung of a reagent is realized
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rely only on natural synthons. This drawback can be avoided if one succeeds
in attaining umpolung in situ by the aid of a catalyst [22].

Nature, in fact, does just that when it converts the a'-reagent acetaldehyde
into a d'-reagent by thiamine-pyrophosphate. The latter adds to the alde-
hyde. A subsequent proton shift generates the thiamine conjugate 6, which
on account of its enamine unit becomes a d'-reagent (with reference to the
original aldehyde). Nature utilizes this umpolung in situ in a reaction cascade
that is continued by skeletal bond formation and reversal of the umpolung to
regenerate the aldehyde carbonyl as well as the catalyst (Scheme 2.14).

NH, _
0.0
+ T T
o N NJ\/\/O\P,O\P,OH
thiamine-pyrophosphate )I\ _ \ s (')' o’
N

o~ OH

o umpolung R activation R = d'-synthon
I e MO o e e NN
HaC™ H 4 thiamine-PP HaC} = )—R(proton-shift 4) s )R
+ base S E* "activated" aldehyde
=a'-synthon R R
l skeleton bond-forming reaction
H with
0 + base M R . .
P G H C/’\r/N E* = carbon electrophile
HiC” "E _thiamine-PP ' E \/(LR
S
reversal of umpolung R

Scheme 2.14 Example of catalytic umpolung in a biosynthetic pathway

The principle ways by which one can attain umpolung have been summa-
rized in a comprehensive paper by Seebach [2]. One far-reaching principle
in this context is “redox-umpolung” An a-synthon may be converted into
a d-synthon simply by the addition of two electrons (2e-reduction); in re-
verse, a d-synthon is converted into an a-synthon by a two-electron oxidation
(Scheme 2.15).

+2e
a-synthon —> d-synthon

-2e

Scheme 2.15 Principle of redox-umpolung

Redox-umpolung can be achieved under actual synthesis conditions. One
limitation, though, arises from the fact that the d-synthon, for example, is
generated via redox-umpolung in the presence of its precursor a-synthon.
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This opens the possibility for bond formation resulting in a symmetrical
coupling product. A standard example is given by pinacol coupling [23, 24]
(Scheme 2.16).

1 o) Ti" o] i
=a'-synthon o =d'-synthon
w °

=+2e R H

-

iV

o0

> ( For references see: [25]
R R

)

YbBr, ,
=ad-synthon -5 = d3-synthon
=+2e
S
S o O

0] )

Scheme 2.16 Formation of symmetrical 1,2- and 1,6-difunctionalized skeletons by in
situ redox-umpolung

Stoichiometric redox-umpolung becomes possible when the electron
transfer process is faster than any coupling step, i.e., when the tendency
of both the a- and the d-synthon for coupling is low. A classical exam-
ple of such a situation is Grignard formation from alkyl or aryl halides,
where the coupling product is generally formed only as a minor side product
(Scheme 2.17).

Mg-metal
R-CHy-Br e R-CH,-MgBr + as little as possible
=+2e
= a-synthon = d-synthon R-CH,-CHy-R

Scheme 2.17 Stoichiometric redox-umpolung during the formation of Grignard
reagents

Heterocoupling of two different partners via in situ redox-umpolung is
often synthetically more valuable than simple homocoupling. If, for two
a-synthons, partner A is more readily reduced than partner B, and partner
B is more reactive towards a d-synthon than partner A, then heterocoupling
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is possible. These conditions are not so likely to occur, yet an example is
given in Scheme 2.18. Hence, it seems promising to preassemble the two
partners on a transition metal (Cu(l)) first, before the two-electron oxidation
is initiated [27].

Me M
y e
NzNMecathode N
o + /]I\ — HN~  Me
H R =+2e o
= a-synthon = a-synthon OH Ref. [28]
Boc Boc Boc Boc ©
N TR I -
gu NN ——— Q/Cu\/N\
+
=d-synthon = d-synthon l Iy
Boc Ref. [29]
N -~
7y
Boc

Scheme 2.18 In situ redox-umpolung (direct or copper-mediated) resulting in hetero-
coupling products

Intramolecular heterocoupling, i.e., ring closure via in situ redox-umpo-
lung is achieved more readily than the intermolecular version because of
favorable effectve concentration of the reacting partners (Scheme 2.19).

o \-OMe MeONH
é/\/” cathode HO Ref. [28]
—_—
=+2e

Scheme 2.19 Intramolecular heterocoupling via redox-umpolung

The addition of two electrons during a reductive umpolung of an a- to a
d-synthon may also be achieved indirectly via a mediator such as a metal:
as illustrated by the example in Scheme 2.20, in the first step the lithium-
tributyltin donates the two electrons necessary for bond formation to the
a-synthon (the aldehyde). During the subsequent tin/lithium exchange, these
two electrons remain at the carbon atom of the former aldehyde, rendering it
a nucleophilic center (i.e., a d-synthon), and completing the umpolung pro-
cess [15, cf. also 20].
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J\O/\

? + Li-SnBu O/LI /(ID\
- 3 —_— —_—
R)LH R/I\SnBu3 R™ "SnBug
"BuLi l - Bu,Sn
O/I\O/\
= a'-ssynthon .. >  d'-synthon PY
R™ Li

Scheme 2.20 Umpolung of a carbonyl group via a mediator

Perhaps as a consequence of the historical development of chemical
methodology, the umpolung reactions of a-synthons to d-synthons are more
prevalent than reactions involving umpolung in the reverse sense, the latter of
which appear to have been “evolutionarily suppressed.” Skeletal bond forma-
tion was conducted until the 1980s almost exclusively with reactions under
strongly basic conditions. Hence, d-synthons dominated the thought process
behind synthesis planning. The other way of creating skeletal bonds, com-
bining Lewis acid activated (strong) electrophiles with weak m-donor nucle-
ophiles, is now becoming more and more popular in synthetic methodology.
This requires in due course more unnatural a-synthons—that is, umpolung
from d to a.

For skeletal bond-forming reactions in the Lewis-acid realm, the reactive
electrophile, an a-synthon, is frequently not used in a stoichiometric fashion,
but is generated in substoichiometric amounts in situ in the presence of the
donor partner. This can be achieved via in situ umpolung from a d'-synthon
to an a'-synthon, which appears to be a rather roundabout way to reach a
natural synthon. The in situ technique, though, has an advantage, because the
presence of the less readily oxidized donor partner suppresses any undesired
homocoupling (cf. Scheme 2.16) in the oxidation of the starting d!-synthon
(Scheme 2.21).

SnBu3 .—-/.\ a1
) d’ 1) ®O4
0 k anode k k
R o via o
'. o /© /©
d_~_ SiMeg
Ref. [30]
SnBus . ® al
1 AN Z
—2e F R
BuyN* BF 4~ Ref. [31]

Scheme 2.21 Anodic (oxidative) in situ umpolung from d! to a'
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Attaining such an oxidative umpolung is not restricted to electrochem-
istry [32]; rather, any oxidizing agent may be applied. This is illustrated in
Scheme 2.22 with the generation of a d'-building block, followed by in situ
oxidative umpolung to an a'-building block.

0
d! SnBug Ph
.Boc .Boc .B
@3\1 1) "BuL @j\l (NH,),Ce(NOy)q N-Boc
2) BugSnCl .
) BugSnC O,SlMengu
& Hpy

al

N ’\T Boc
via Ref. [33]

Scheme 2.22 Oxidative in situ umpolung from d' to a'

The following (Scheme 2.23) generation of an a’-synthon from a
d?-synthon is so elementary that one realizes only by hindsight that this is an
oxidative umpolung process.

o Br o
2
R/& _ > R)J\/ Br + Br-
= d?-synthon = a?-synthon

Scheme 2.23 Oxidative umpolung from d? to a?

One generally associates with redox-umpolung the removal or addition of
two electrons, which results in the correct stoichiometry of the reagents to
be employed. It is less well recognized, however, that removal or addition of
just one electron is sufficient to cause umpolung in reactivity (Scheme 2.24).

=a'-synthon =d'-synthon = d?-synthon = a®-synthon

electrophile nucleophilic radical nucleophile electrophilic radical

"o +1e "o CN —1e CN

) I ) [ ) - —_— ) .

R R R R

-x-\ /—X‘ -H+\ /—H'
"o CN
2Ny e

Scheme 2.24 One-electron umpolung
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Such one-electron umpolung is frequently advantageous in synthesis, as it
may be achieved in situ, thus obviating the two extra steps required by step-
wise umpolung tactics. The examples in Scheme 2.25 illustrate applications
of one-electron umpolung processes. To satisfy stoichiometry of the overall
reaction, though, a second electron has to be transferred during the reaction
cascade, which occurs rapidly following the skeletal bond-forming step. This
must be taken into account when determining the amount of the oxidizing (or
reducing) agent necessary.

o
R) + coorn 7 via 9 Ref.[34,35,36
R

R

= a'-synthon = a%-synthon = d'-synthon
ROOC. O . 2 eq. Mn(OAc); ROOC OEt
AN ROOC
/\g > OEt AcOH ﬁ/ _ J;
[e) via o
= d?-synthon = d?-synthon = a2-synthon

Ref. [37]; For reviews see: Ref. [38, 39]

Scheme 2.25 In situ one-electron redox umpolung

2.2 Bond-Sets According to Functional Group Presence
2.2.1 1,2-Relationship Between Two Functional Groups

Our considerations about umpolung originated from the notion of a target
structure having two functional groups in a /,2- or I,4-relationship. Form-
ing a bond between these two functionalities required the use of umpoled
synthons. During the forward synthesis, umpolung necessitates at least one,
but in most cases two, additional steps. In retrosynthetic analysis, one tries
to minimize this drawback by placing the umpolung event on the smaller
(reagent) part rather than on the larger (substrate) part resulting from the cut.
The point is to place the umpolung event on that building block that requires
the least synthetic effort. Usually this is the smallest piece, considered to be
just a side branch of the synthesis tree.

Inasmuch as umpolung generally requires additional steps, it is wise to
compare the necessary effort of making a bond between two functional
groups in a /,2-relationship with that of hopefully shorter alternatives.

The first alternative is to introduce one of the two heteroatom sub-
stituents in a separate step following the skeletal bond-forming reaction.
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This too requires an extra step, but just one! In the generic example given
in Scheme 2.26, this could be an electrophilic oxygenation [40] or amination
[41, 42] of an enolate.

1,2-relationship between
functionalities

(6] (0]
R\)HX/\R. e— F{\)K/\R, — R\)kx M\/\F{'
~__ ~__~

oxidative
functionalization

skeletal bond formation

problem of regioselectivity !

Scheme 2.26 Subsequent oxidative introduction of a second heteroatom

In choosing such a tactic, the position of the second heteroatom is not
already fixed in the skeletal bond-forming step. A regioselectivity problem
may arise in the installment of the second functionality in a distinct position
relative to the first functionality. If no obvious solution exits, this alternative
approach has to be rejected.

When one has to consider an additional refunctionalization step anyhow—
be it during umpolung or upon introduction of the second functionality—a
second alternative comes up, one in which both heteroatom substituents are
introduced after the skeletal bond-forming step. For a pair of functionalities
in a /,2-relationship, this suggests the use of a carbon-carbon double bond
as a pro-functionality, as in Scheme 2.27.

1,2-relationship
between functionalities

Y o}
RN R | — RNR' [ — R\)LH PhSPMRu
X
v \/

oxidative
functionalization

skeletal bond formation
problem of regioselectivity !

Scheme 2.27 Subsequent oxidative introduction of both heteroatom substituents

Using this alternative, one first assembles the molecular skeleton with
a carbon-carbon double bond at the location that will eventually bear the
heteroatom substituents. The latter will be introduced in a second step by
oxidative addition. In case the two heteroatom substituents are different, a
solution for the regioselectivity problem must be sought.

The third alternative is to renounce a bond formation between the two
functionalities (here in a /,2-relationship) by changing to a building block
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oriented retrosynthesis. One checks the availability of suitable building
blocks which carry two heteroatom substituents in a /,2-relationship and
which could be incorporated into the target structure. This means that the
bonds to be made lie outside of the segment carrying the two functional
groups. If the two heteroatom substituents are different, the considerations
have to include the sequence of the bond-forming events in order to ensure
the correct placement of the functional groups (Scheme 2.28).

~

1,2-relationship between 1% QMe

functionalities v ad Me- N-ve
R\:J\F’.\R > < MeO O for example

[ ]
da X (¢}
MeOJ\n/H
~ O

Scheme 2.28 Building block oriented approach to /,2-di-heterosubstituted skeletons

The preferred ways to arrive at a /,2-di-heterosubstituted skeleton are
summarized in Scheme 2.29.

X 1,2-relationship between functionalities
Y

/\/W
X

/\)\/\/ creation of the molecular skeleton with

— a pro-functionality, followed by

X re-functionalization

/\)\/\/

between the functionalities via an
umpoled synthon

X
M/. formation of the skeletal bond
— R Y]/\/

X

> ARAAS 2L~ building block oriented incorporation
hd . M oo of a 1,2-difunctionalized entity

Scheme 2.29 Options for the construction of /,2-dihetero-substituted skeletons

Let us conclude this section with a discussion of the synthesis of dihy-
dropalustramic acid (7) (Scheme 2.30). In this case, all four diastereomers
of the target structure were desired. Thus, we may disregard any aspects of
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stereochemistry during preliminary retrosynthetic considerations. Looking
at compound 7, one identifies a main chain of the skeleton carrying a /,2-
and a /,3-relationship of heteroatom substituents. The piperidine ring can be
depicted as a I,5-relationship of heteroatoms along the main carbon chain.

X X O
on H 7 X
1,2 1,5 1,3
ﬂ relationships of functionalities
RHN RN OC)
(0] | 4)\
//\<7\V/\V)\V)kOH | — //\<7\v/\v) + OR
0 8 o) a' d?

[ l
0 (o]
/A\(T\/”\/K§VCOOR [— //\<7\¢/\¢J — > //\&7\V/\VJ
(0] (0] 9

Scheme 2.30 Retrosynthesis of dihydropalustramic acid

It appears advantageous to approach the 1,2-difunctionality from the dou-
ble bond profunctionality via an epoxide. The 1,3-difunctionality can be ob-
tained with bond formation using natural synthons. For instance, one could
employ a Mannich reaction between an ester enolate and an imine 8, which
could arise from an aldehyde in a “functional group interchange” (FGI)
step. This two-step procedure to address the /,3-di-heteroatom relationship
compares with an alternative two-step approach: begin with aldehyde 9 and
extend the skeleton by forming an o,f-unsaturated ester. The
1,3-di-heterofunctionality can now be generated by nucleophilic addition of
ammonia or an amine to the o, B-unsaturated ester. This sets the stage for
an ensuing nucleophilic opening of the epoxide moiety. Because of the in-
tramolecular nature of the attack on the epoxide, the piperidine ring is formed
regioselectively (as predicted by Baldwin rules! [43]).

The initial syntheses of dihydropalustramic acid (Eugster [44, 45])
(Scheme 2.31) contain several elements of the synthesis planning depicted
in Scheme 2.30 above.

During the synthesis in Scheme 2.31 the molecular skeleton was assem-
bled first and subsequently decorated with the appropriate functional groups.
To obtain this the ester 10 contained two double bonds as profunctional-
ity. Selective epoxidation of the more electron-rich double bond enabled the
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Scheme 2.31 First synthesis of dihydropalustramic acid

piperidine ring formation to be initiated by the addition of benzylamine to
the o, B-unsaturated ester, followed by ring closure. Overall, the skeleton of
the doubly unsaturated ester 10 was assembled using three skeletal bond-
forming reactions with building blocks of no more than four skeletal atoms.
The piperidine ring was obtained by formation of two carbon-heteroatom
bonds in one step.

The functional group oriented approach (discussed above) is not the
only means by which dihydropalustramic acid has been synthesized. Other
creative approaches, the key steps of which are illustrated in Scheme 2.32,
open more versatile pathways to this target.

This is an intermediate to which
Pd(0) B two skeletal carbon atoms have
N ATy A N = N Z to be added. o
o o o é The intermediate can be utilized in
)/ O)/ o two different orientations

Ref. [46]

ChzN Ref. [47]

AN = Reaction oriented synthesis.
| —_— The intermediate is still lacking
NZ>COOR N~ ~COOR one skeletal carbon atom

o~< o_<o Ref. [48]

Scheme 2.32 Further synthetic approaches to dihydropalustramic acid
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2.2.2 1,4-Relationship Between Two Functional Groups

A major part of the synthetic methods useful for addressing the presence
of oxygen functionalities in a /,4-relationship on a carbon skeleton has
been developed during efforts to synthesize pyrenophorin and vermiculin
(Scheme 2.33). It is thus convenient to examine 1,4-difunctional relation-
ships in the context of these two natural products [49]. These macrodilac-
tones are comprized of two identical hydroxy acids. We will again refrain
from discussing the stereochemical issues in order to focus on the funda-
mental aspects of the synthesis of the hydroxy acid subunit.

(0]
R"‘NWO R= CH, Pyrenophorin
o O fe)
7 ‘
OW R R- CHQ,)J\CHZ- Vermiculin
(0]

Scheme 2.33 Macrodilactones with several oxygen functionalities in a /,4-relationship

Functional group oriented retrosynthesis for the synthesis of hydroxy acid
11 would indicate the formation of skeletal bonds between the functional
groups. No matter where the cuts are made, umpoled synthons are required,
as can be seen from the nearly 20 syntheses that have been carried out on this
class of natural products (Scheme 2.34). In these syntheses the a' —d? and
a’ —d'! combinations have been preferred over the equally possible a*> — d?
combination [49].

O
R _ o Bond formation between the functional groups requires the
j/\)J\/\]// application of umpoled synthons in each of the possible

OH 1 OH combinations a'-d3 a%-d? a%-d’

Scheme 2.34 Hydroxy acid with /,4-relationship of oxyfunctionalities

Scheme 2.35 highlights some a' —d® combinations that have been used
in the synthesis of 11. The most efficient method appears to be the Pd(0)-
mediated coupling of an acid chloride with a vinylstannane moiety
[50, 51].
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Scheme 2.35 a' — d? routes to obtain the hydroxy acid 11

The synthesis shown in Scheme 2.36 [53] uses a building block 12, which
has umpoled reactivity (d! and d®) on both of its ends. This allows for the
indicated a* —d'- and d — a'-bond formations to be accomplished.

as d' dd, a’
0 2 Mecl)\ + ©CO
° ° R + 2
AR = Ty T O
¢ PGO Br
OH OH d1 12 d3 a1
. MeO MeO Ref. [53]
PGnr + . M M‘VU
GO

co, Mel W/\)J\/\n/
R ———

Scheme 2.36 a® —d! routes to obtain the hydroxy acid 11

PG = protecting group

Regarding the use of a (latent) a?-synthon the following synthesis [54]
(Scheme 2.37) of hydroxy acid 11 is of interest.

a?, d?
OR SO,Ph OR SO,Ph
Y\)WO — RY\)\/J\I( RM + @KH/OR
PGO PGO OAc o)

@) o2

Ref. [54] PG = protecting grooup

Scheme 2.37 Use of an a-synthon during a synthesis of the hydroxy acid 11

One should note that in this and previous examples, the building blocks
were chosen with functionality to allow the ready formation of the C-2/C-3
double bond (by elimination of PhSO, or of NO, [52]).
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Synthetic approaches in which two skeletal bonds are formed “piece-
meal” between a single pair of functional groups are more circumstantial
and, hence, less attractive (Scheme 2.38). They instead reflect the change to
a building block oriented synthesis strategy.

O o}
L] (]
R P NGO — Rm + O=0 + XJLR'
OH 11 OH o}

S)
+ \/O
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Ref. [55, 56]

S__S
R @) H._NMe,
PG\|O/\)/ * \[(])/ PG = protecting group

Scheme 2.38 C;- respectively C;-piecemeal assembly of the hydroxy acid 11

Building block based syntheses of hydroxy acid 11 are displayed in
Scheme 2.39. Each building block is highlighted. Other 1,4-difunctionalized
building blocks like the ones used in the synthesis of 11 can be found in
reference [7].

(0] (o]
. Oj Ref. [57]
Me\l/\,‘\.J\/\fo — r X 4+ ol

OH 11 OH

o Os e Ref. [58], cf. also Ref. [50]
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o) 0 Ref. [60]
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OH OH (6] (0] PG = protecting group

Scheme 2.39 Building block oriented syntheses of hydroxy acid 11
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The syntheses of the hydroxy acid 11 subunit of pyrenophorin presented
so far illustrate reliable, orthodox approaches, each of which allows one to
reach the target with justifiable effort. Nevertheless, there is always room for
more creative approaches. One such approach [61] (directed to an analogue
of pyrenphorin) is shown in Scheme 2.40. The surprising feature of this syn-
thesis is that the keto functions are only introduced at the very end, thereby
obviating any problems commonly associated with the /,4-relationship of
functional groups. This strategy allows a synthesis via the protected hydroxy
aldehydes 13 or 14, which possess unproblematic /,5-relationships of func-
tional groups. In detail, the hydroxyl group of 14 is acylated by the ketene
to generate a Wittig reagent, which subsequently reacts with the aldehyde
group of 13.

Ay ™~ 13

THPO O

R O
1,5-relationship of FG + Ph;P=e=e=0 W T T
THP o >
C 0 HO 44 (O)\/\)\R
O)\/\)\R
o}
RY\/WO j/\/\’/\f \l/\)WO
HO Ol O + Ph3P:.:.:O . 8902
WR %\,/\/\)\ WR
Ref. [61]

Scheme 2.40 Bestmann’s synthesis of the pyrenophorin skeleton

When addressing the synthesis of a /,4-di-heterosubstitued portion of
a target structure, one should consider a braod range of synthetic meth-
ods. While a stoichiometric umpolung is not the first choice, one should
remember the advantage of in situ umpolung tactics. In the context of
1,4-difunctionalized skeletons, the most attractive variant is provided by the
Stetter reaction [62] (Scheme 2.41), which emulates nature’s thiamine catal-
ysis (cf. p. 17).

a 0 /—Ph

H_ R
+ 0 R . N R
)J\/ o) cat. NCPh )l\/\ﬂ/ via HO/\:[SHOH
i ° /
HO s dq
+ Base

Ref. [62]

Scheme 2.41 Stetter’s in situ umpolung of aldehydes
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Another in situ umpolung that fits here is the one electron redox umpolung
of B-dicarbonyl compounds, mentioned on p. 22 and the related oxidation of
enolates [63] or of enamines [64] (Scheme 2.42).

o) ;\sms o)
+ - R
RJ\ R M) R)J\/\ff
COOH (0]
Ref. [65]
2 0 i 1) LDA /?}\ 0 °
(@]
LS s &
\ 1/  pn o 2) Fe(acac), \,/,,/ Ph
Bn Bn
Ref. [63]

Scheme 2.42 In situ umpolung of enolates by one-electron oxidation

When one looks further at how structures with a /,4-relationship of het-
eroatoms may be accessed, one should consider either the sequence of a
Claisen ester rearrangement followed by Wacker oxidation, or the iodolac-
tonization or direct [66] lactonization reaction of the carbon-carbon double
bond (Scheme 2.43). For an application in the context of pyrenophorin syn-
thesis, see reference [67]. Note that in the course of this sequence the het-
eroatom, which was at C-1 of the allylic alcohol, is moved over to C-2.

2

j/\—>ﬁ/\_> R1/3 OH

AgOTf
] 9
Wacker / lodo lactonization
oxidation

BU3SnH \/U
RUJ 3 I R
2 2

(6] | 1

Scheme 2.43 Skeleton bond-forming reaction sequence based on a Claisen rearrange-
ment to generate /,4-difunctionality

In Bestmann’s synthesis of a pyrenophorin analogue (Scheme 2.40; cf.
p. 30), functionality was introduced by an oxidation reaction after assembling
the molecular skeleton. In principle, it is possible and also advantageous
to attach a heteroatom at each end of a 1,3-diene in order to generate a
1,4-difunctionality. Methods that serve this purpose are the Pd(II)-mediated
oxyfunctionalization according to Bickval [68] or the addition of singlet
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oxygen in a hetero-Diels-Alder cycloaddition [69]. Further heteroatom
dienophiles of interest are ROOC-N=N-COOR, O=N-COOR [70, 71],
O=N-Ph [72, 73], and RN=S=0 [74, 75] (Scheme 2.44).

OAc

MnO,, LiOAc, AcOH R “~
R~ \l/\)\
IR cat. Pd(OAc),, Quinone OA R Ref.[76]
c

1O O\O

2

Rj)J\/ — RN Ref. [77]
OH OH

Scheme 2.44 1,4-Difunctionalization of 1,3-dienes

In the second example of Scheme 2.44, both heteroatoms have been in-
troduced as the dienophile component of a Diels-Alder cycloaddition. It
is likewise possible to use heteroatom-based dienes to introduce a 1,4-
difunctionality via a Diels-Alder cycloaddition (Scheme 2.45).

YR
deo] = T
R . R
N__COOR
. O,,NWCOOR )O\j/ Ref. [78]
R
R R
N NG
I D Ref. [79]
R
I i
_N*_R N__R o._R'
R T S Sl I
R RN R
o
TMSO 2, o, Ref. [81, 82]
+ I + 1 i . y
. ozNWR SnCly, o NS-R oo R
R —_— —
R otms R

Scheme 2.45 Installing both heteroatoms of a /,4-difunctionality by a Diels-Alder cy-
cloaddition using a dihetero-1,3-diene

A conceptually related approach is to add ketene or dichloroketene to
an alkene, followed by oxidative ring enlargement of the resulting cyclobu-
tanone (Scheme 2.46).
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Y- X
;@T e *
R ‘\. R

Ref. [83, 84]

Scheme 2.46 [,4-Difunctionalized skeletons via cyclobutanones

The various options to attain molecular skeletons with a /,4-relationship
of functionalities are summarized and ranked (top = best) in Scheme 2.47:

Y
1
W
X
O
COOR vy
[ e— /j‘\/
(e}
(0]
— /\/:'%OR
Y
— .,. .,,:/
X
Y
— /b{:/\.)\/
X
= A
Y
X
Y
°__°

1,4-Relationship of Functionalities

In situ a—d umpolung using e.g.the
Stetter-Reaction

In situ d—a umpolung with Mn(lll)

Claisen-rearrangement
followed by iodolactonization

Use of 1,4-difunctionalized building
blocks

Both heteroatoms from the same
building block

1,4-Difunctionalization of 1,3-dienes

FG-oriented bond-set involving
stoichiometric umpolung of one of the
building blocks

Piecemeal by intercalation of a
C,-building block

Scheme 2.47 Options for the construction of molecular skeletons with a /,4-relationship
of heterofunctionalities
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2.2.3 1,3-Relationship Between Two Functional Groups
Bond formation between two functionalities in a /,3-relationship can be

readily achieved using “natural” synthons. Hence, this is the standard way
to accomplish this task (Scheme 2.48).

X Y 1,3-relationship of functionalities
R R
X Y
- R’,K')\R‘ "natural” synthons

L]

a d
X Y

e 1
Re R double umpolung
d a

| — SO both heteroatoms from one
fq/\,\f\ R buiding block

Scheme 2.48 Options for the construction of molecular skeletons with a 7, 3-relationship
of heterofunctionalities

What is more striking is how frequently such entities are generated by the
application of two umpoled synthons (double umpolung), such as in the re-
action of a dithiane anion with an epoxide [85]. The advantage is clear if one
of the functional groups must remain protected over many of the subsequent
synthesis operations. In the case shown in Scheme 2.49, the keto function is
converted into a dithiane at the outset, and therefore needs no extra protec-
tion step.

Y a ™ on Ref. [85]

S

)
[
I »w

R’

Scheme 2.49 Double umpolung during generation of a 1,3-difunctionalized skeleton

The strategy of double umpolung appears suspect at first sight, but it has
proven to be effective [86, 87] in the context of many demanding syntheses
[88] (Scheme 2.50).

If, instead, one intends to use the keto group immediately after its intro-
duction, one would rely on a related nucleophilic carbonylation of epoxides
[89, 90, 91, 92]. The example given in Scheme 2.51 shows how an ini-
tially formed acylmorpholide can be readily converted into a ketone. Acyl-
morpholides behave like Weinreb amides in the presence of organolithium
reagents, making ketones (in this case a 3-hydroxy-ketone) available [93].
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BnO

t .
BuMeZS@ QHSQ; oH O”P

H
(0]
| OMe
BuMe,SiO \\“O [ e— BnO
H
|

Ref. [88] ‘BuMeZSi(:D m Q«—P

: S __S
BnO\/f\/<? Y OV\/'\/O
SiMe,tBu

Scheme 2.50 Double umpolung in a challenging context

o co HO (@) RLi HO (o]
o< o X8 Ao TR
[Cos(CO)g] Nﬁo R
/—\
MeasifN\_/O

Ref. [89]

Scheme 2.51 Double umpolung via nucleophilic carbonylation

Aside from the standard use of natural synthons and the routes via dou-
ble umpolung, there is the possibility of enlisting 1,3-dipolar cycloadditions
to form 1,3-difunctionalized molecular skeletons. Typical examples include
the addition of nitrones, silyl nitronates [94], or nitrile oxides to alkenes. The
initial products of the latter cycloaddition are isoxazolines, which may be re-
functionalized in various ways (Scheme 2.52). When this generates sensitive
functionalities, refunctionalization may be postponed until later in the syn-
thesis sequence [95].

OH NH, Ref. [97]
@ - A ~Ag
+  Ng O—N
PO AN s /K)\
RS R R R T OH O  Ref.[95,98,99]

R'

R
Ref. [96] )O\H/l?\ R'= CH,OTHP R'=SO,Ph: ﬁ/N Ref. [100]
R OR R

Scheme 2.52 1,3-Dipolar cycloaddition of nitrile oxides furnishing /,3-difunctionalized
molecular skeletons

The versatile nitrile oxide cycloaddition has been exploited in another
highly efficient synthesis of pyrenophorin [101] (Scheme 2.53).
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Michael addition

/_\@ NO,
N, CHNO, —— W MesSiCl, NEt,

o} 1 —_— 0o -
d (generation of the
O//l'\/ nitrile oxide)
N—O. _, 1%
L1 o _ o Ref. [101]
1."/3\ﬁ
6] o) E— O )
° —_—
O).\_{:n/\)\ OW
O—N o

Scheme 2.53 1,3-Dipolar cycloaddition of nitrile oxides as key step in a synthesis of
pyrenophorin

Note in Scheme 2.53 that the addition of a nitrile oxide to an o, -
unsaturated ester results in a 1,3-difunctionality linked to a 1,2-difunctiona-
lity. This enables access to the /,4-relationship present in pyrenophorin.
A similar outcome is obtained with the Kanemasa variant [102] of the
cycloaddition of nitrile oxide with the double bond of allylic alcohols.
This variant is impressive because of its high regio- and stereo-selectivity
[95, 103, 104] (Scheme 2.54).

S

0. ® o

R N

\|/\ + N\\\ .—>R\|/K)\RI
R OH

OMgX Ref. [102]

Scheme 2.54 Kanemasa variant of the addition of nitrile oxides to allylic alcohols

In terms of bond sets, the following sequence (Scheme 2.55) is equivalent
to that of 1,3-dipolar cycloadditions. First an ynone is created by skeletal
bond formation, and then a double Michael addition of two heteroatoms gen-
erates a 1,3-difunctionalized system, in which one of the functional groups
is long-term protected.

4 b
o
~F {I\/\ SQ‘, o

Base

Ref. [105]

Scheme 2.55 Differentially protected /,3-difunctionality by nucleophilic addition to
ynones
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2.2.4 1,5-(and 1,6-) Relationship Between Two Functional Groups

For the generation of molecular skeletons with a /,5-relationship of func-
tionalities, the approach combining the natural d?-synthon with a natural
a’-synthon is the predominant tactic. The alternative, introduction of both
heteroatoms via a single building block, e.g., in a hetero-Diels-Alder cy-
cloaddition [106] (Scheme 2.56), is not yet fully developed and frequently
suffers from competing polymerization of the enone partner.

Ref. [106]

Scheme 2.56 Hetero-Diels-Alder cycloaddition en route to /,5-difunctionalized
skeletons

Another prominent route to develop 1,5-difunctionlized molecular skele-
tons is the oxidative cleavage of cyclopentene derivatives (Scheme 2.57). In
Corey’s terminology of retrosynthesis this is the “reconnect” operation (re-
connection of the two functionalities). Other reactions that fall under this
heading include the Baeyer-Villiger oxidation and the Beckmann rearrange-
ment of cyclopentanones.

0 o) “reconnect"
|
[ —
BN 9
N S "

o) o) "reconnect”
|
RO)J\/\) ——— /@ — OQ
\(E/ MesSiO
0 OH “reconnect" R
 —

Scheme 2.57 Oxidative cleavage of cyclopentane derivatives to produce I1,5-
difunctionalized molecular skeletons

The transformations shown in Scheme 2.57 are refunctionalization reac-
tions. They are worthy of consideration when suitable cyclopentene or cy-
clopentanone building blocks are readily available.
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Correspondingly, 1,6-difunctionalized molecular skeletons can be derived
by oxidative cleavage of cyclohexene derivatives. This is a widely used
method, as it allows for differentiation of the functionalities at the 1- and
6-positions. Detailed methods for doing this can be found in reference [107]
(Scheme 2.58).

Ref. [107]
OMe

01 — ; 6 OMe
6 \ OMe

MeO 5_OMe

i

:

OMe

Scheme 2.58 Oxidative cleavage of cyclohexene (derivatives) to generate end group
differentiated /,6-difunctionalized molecular skeletons

In the event that one desires to generate a /,6-difuctionalized molecular
skeleton via bond formation between functionalities, there remains the single
option: use a d*-a-combination of synthons (Scheme 2.59).

R
=
)OJ\ XMg™ OSiMeg /\IOI’ (6]
—_— —_—
R
R” siMe, R)\/\ Mgx  Cux RJ\/\/\W
o 0

Ref. [108]

Scheme 2.59 Generation of a I,6-difunctionalized molecular skeleton by a d3-a’-
combination of synthons

2.2.5 Conjunctive Reagents

The various synthons considered up to this point allow the formation of a sin-
gle skeletal bond. Bivalent synthons, i.e., those having two reactive positions,
would allow for the simultaneous or sequential formation of two skeletal
bonds. An example can be found in Scheme 2.38 (see p. 29), where an acety-
lene has been placed as a C,-unit between two other synthons. Such bivalent
synthons have been referred to by Trost [109] as conjunctive reagents, and by
Seebach [110] as multicoupling reagents. The simplest conjunctive reagent
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is represented by a CHj-unit, which ought to be available in three modifica-
tions of different polarities to allow universal application (Scheme 2.60).

QO QO @D

HH W H W H

Scheme 2.60 Bivalent methylene synthons as conjunctive reagents

A dianionic methylene conjunctive reagent requires groups Y and Z,
which can stabilize the adjacent negative charge [111, 112]. Sulfonyl-stabi-
lized carbanions of this type can be alkylated twice. Afterwards, the sulfonyl
groups must be removed in a subsequent reduction step in order to reveal the
intended CHj-unit (Scheme 2.61).

Base Li
Y Z Y><Z H><H
H H R'X, R?X R "R® NH; R'7R?

Y,Z = SO,Ar, NC

Scheme 2.61 I,]-Bivalent methylene as the simplest dianionic conjunctive reagent

Inserting just a methylene unit is not particularly exciting from a synthetic
point of view. It is much more interesting to consider functionalized conjunc-
tive reagents. An important synthon of this sort is the “carbonyl-dianion.” Of
the reagents corresponding to this synthon, dithiane is used most frequently
[113] (Scheme 2.62).

©0 R © © ©
I : § 'S CHS-CH-SO,CH; PhS-CH-SPh CH4S-CH-CO,CHjz
o Ref. [114] Ref. [115] Ref. [116]
S
Tol-SO,-CH-NC Na, Fe(CO), Ref. [118, 119]
Ref. [117] RO
O® § S
” H Bu-N=C Ogs So2
Ref. [120] Ref. [121]
®0 [
t NN NC o~ _S.__ClI
g 0 \g/ o Ph™>N1
0
Ref. [122] Ref. [123]

Scheme 2.62 1,1-Bivalent carbonyl synthons and corresponding reagents
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Other useful conjunctive reagents are listed in Scheme 2.63 (cf. also
Scheme 5.7 on p. 78).

@”@ : MegSi SO.Ph
CH» \—é Ref. [124]
® SO,Ph
© ( : Li—|> Ref. [125]
o) (0)
o SiMes
© Li
( : Ref. [126]
CH CH,
© @ | MesSi | BusSn  OAc
\n/ . Kﬂ) H\) Ref. [127, 128]
CH2 CH2 CH2
G)\H;) MesSi  SiMeg
L : Kﬂ) Ref. [129]
2 CH»
® @ )
\n/ : Y\OP'V Ref. [110]
o NO,
® 0O N
Ref. [130]
0 R

Scheme 2.63 Examples of /,1-, 1,2-, and /,3-bivalent conjunctive reagents

Problems

2.1 exo-Brevicomin is a pheromone of the insect Dendroctonus brevicomis;
the endo-epimer is the pheromone of a Dryocoetus species. Various

OH
% X
— — \/\/\/\n/
Q OH o) o}
brevicomins ﬂ ﬂ

Scheme 2.64 Retrosynthesis of the brevicomins
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routes to the syntheses of the brevicomins have been explored [131].
Most syntheses proceed via the dihydroxyketone shown in Scheme 2.64.
Develop a retrosynthesis of the brevicomins along these lines and dis-
cuss the pros and cons of going retrosynthetically back to a double bond
as the profunctionality of the diol unit (consult references [132, 133, 134,
135, 136]).
2.2 A versatile intermediate for the synthesis of indolizidine alkaloids is the
compound shown in Scheme 2.65.

PGO PGO B A
[ ]

1 4
.

(T
N "2 N\/\\I\
o) ce o)

Scheme 2.65 Intermediate for indolizidine alkaloid synthesis

Follow the skeletal bonds around the molecule. Which distances be-
tween heteroatom groups can you delineate? Which of them are unprob-
lematic in synthesis? Consider the carbon-carbon bonds marked A—C for
construction of this molecule. Evaluate the polarity options for making
these bonds.
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Chapter 3
Skeleton Oriented Bond-Sets

Abstract Branches in the target structure mark points at which bonds should be made
during synthesis. If no functional group is close to the branching point, an auxiliary
functional group has to be introduced temporarily in order to allow construction of the
desired skeletal bond. A substantial reduction in the number of construction steps may
be realized, if the target structure or an intermediate has ¢ or G-symmetry.

Only in rare cases does the target molecule possess an unbranched linear
molecular skeleton. More often than not, one is faced with target structures
that display branched chains, rings, and substituted rings. In a synthesis, un-
less branches come with the starting materials, they result from bond forma-
tion. This leads to two more approaches worth considering during synthesis
planning. In the first, skeleton oriented bond-sets, the bond-set for a molecule
with a branched skeleton has to be chosen such that the branches are being
formed. Alternatively, the second approach is to move to a building block ori-
ented bond-set, when suitable building blocks containing the required kind
of branches are available. Bond-sets following each directive are shown in
Scheme 3.1. Both will be discussed below.

.—);. °
R/\’.\\ //t/\ A0 /:
. R ¢ o
skeleton oriented building block oriented

Scheme 3.1 Bond-sets with skeleton orientation and with building block orientation

When one deals with molecules having a branched skeleton, one checks
the distance between the branching point and any existing functionality.
When this distance falls within the normal reach of the functional group,
one tends primarily to use natural synthons in order to create a skeletal bond
at the branching point (Scheme 3.2).

R.W. Hoffmann, Elements of Synthesis Planning, 47
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1, 1-relationship between branching point and heterofunctionality

OH (0]
RMgX
R)T | e— gX + )J\

1,2-relationship between branching point and heterofunctionality

0 S
R\‘)J\/ [ e— RX + \/\/

enolate alkylation, aldol addition

1,3-relationship between branching point and heterofunctionality

(0] [0}
RJ\/U\/ ———> RyCuli + /\)J\/
cuprate addition, Michael addition, Claisen rearrangement

Scheme 3.2 Bond formation according to the distance betweeen branching point and
heteroatom functionality

The available options are exemplified in Scheme 3.3 by a multifunctional-
ized but simply branched intermediate 15 taken from the tetracycline synthe-
sis of Woodward [1]. Remember to always choose the cut at the branching
point.

o]
o)

Mo COOR \ 3 COOR
Ar .,\(\/ ——> Ar)e a E\/

(1) Scoor 15 d' COOR

Q o)

COOR

m/%}j“\/ s AFJ75»\/COOR

(2) “COOR 2 PR

Br”."COOR
a2

3

0 0 4
L]

Ar)KE\:\/COOR X Arkﬁg . COOR

()]

2
COOR d COOR
(0] 0 0
COOR 2
> =
Ar)K(\/ —> A X, — Ar)k\/)
(4)  “coor & S

Scheme 3.3 Bond formation at the branching point according to the heterofunctionali-
ties present
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Of the possibilities shown in Scheme 3.3, (1) is the least attractive since
it requires an umpoled d!-synthon to generate a /,4-relationship of function-
alities. The approach reflected by (2) is better since it also uses an umpoled,
but readily available, a?-synthon in addition to a natural d?-synthon. Ap-
proach (3) is better still, since it aims at a /,5-relationship of functionalities
and avoids the use of umpoled synthons. This is the tactic that was employed
by Woodward in a modified version [1]. In hindsight, one recognizes an even
more attractive route (4) that relies on a /,6-relationship of the ester function-
alities and a “reconnect” transformation, opening an entry via a Diels-Alder
cycloaddition.

When a branching point in the skeleton falls outside the reach of a func-
tional group, one can rely on skeletal bond-forming reactions which do
not require the presence of a functional group. A nearly ideal solution to
this problem is provided by the transition metal-catalyzed coupling reac-
tions of alkylzinc or alkylmagnesium reagents with alkyl iodides [2, 3, 4, 5]
(Scheme 3.4).

i an { /(U)\/\/\/O
+ —_—
PP 2 Ph

Ni(0)

Scheme 3.4 Skeletal bond formation remote from preexisting functionality

3.1 The FGA-Strategy for Preparing Branched Skeletons

On perusal of many natural product syntheses, one notes that detours are
frequently taken in order to generate branches in the skeletons. Additional
functionality is placed at or close to the point where the bond is to be made.
The purpose of this functional group addition (FGA) is to facilitate bond for-
mation at the desired position. This auxiliary functionality has to be removed
by an extra step later in the synthesis. In his synthesis of the intermediate 15,
Woodward used a methoxycarbonyl group as an auxiliary functionality [1]
(Scheme 3.5).

Of course, introduction and later removal of the methoxycarbonyl group
adds two extra steps to the overall synthesis.
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Ar/COOMe

NaHj AcOMe

0] 0]
CICH,COOMe CH,=CH-COOMe
Ar 5 COOMe Ar COOMe

Base
COOMe

olcoome 0
HpSO,4

Ar COOMe Ar )J\(\/COOH
HOA
COOMe OAc

15 COOH

Scheme 3.5 Use of a methoxycarbonyl group as an auxiliary functionality to facilitate
bond formation for a branched sekeleton

A standard auxiliary functional group allowing the introduction of bran-
ches into a molecular skeleton is the carbonyl group. The synthesis of al-
nusenone [6] (16) (Scheme 3.6) illustrates how a single enone function in
ring E serves in a twofold manner to introduce methyl branches. First, the
enone serves as precursor to an allylic alcohol that permits a hydroxyl-
directed Simmons-Smith cyclopropanation to eventually generate a methyl
branch in the B-position, a tactic which capitalizes on the equivalency of a
carbonyl and an alcohol function in retrosynthetic analysis. Second, after
reoxidation to a ketone, the carbonyl group allows two consecutive enolate
alkylations to introduce two methyl branches directly in the o’-position. Fi-
nally, after having orchestrated all these branch-forming steps, the carbonyl
group is reductively removed.

| e—

~_

1) KOtBu, CHj|
2) Li/NH,

CH,l,,Zn

Scheme 3.6 Introduction of methyl groups into ring E of alnusenone via a cabonyl group
as auxiliary function
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The utility of a carbonyl group as an auxiliary to introduce branches in a
skeleton is underscored by a suggested synthesis of the insect pheromone 17
[7] (Scheme 3.7). The plan of this synthesis is clearly skeleton oriented.

(0]

FGA R .
CusJ\/\/H/ [— CBH”/L\/\)\/ = CH, >
OAc OAc OAc
17
(0]
(5= (o= O

Scheme 3.7 Carbonyl group as auxiliary functionality to generate branches in a molec-
ular skeleton

More recently, arylsulfonyl groups have found use as auxiliary function-
alities to allow access to branches in molecular skeletons. Alkylation of an
a-sulfonylalkyllithium species such as 18 is quite useful to make skeletal
bonds remote from any other controlling functionality. An example is given
by the synthesis of diumycinol [8]. In this case, the auxiliary sulfonyl group
is disposed of in a skeleton and branch forming Julia—Lythgoe olefination
(Scheme 3.8).

® Li |
= g
—> ° R +
W Lo — S0,Ph KXR
OH

ﬂw

&OH

Scheme 3.8 Sulfonyl group-mediated access to a branching point during a synthesis of
diumycinol

The attractivness of a sulfonyl group as an auxiliary function in build-
ing molecular skeletons is enhanced by its ease of removal. It may serve
as a precursor for Julia—Lythgoe olefination [9], or it can be removed reduc-
tively under mild conditions [10, 11]. Several cases of bond formation remote
from controlling functionality aided by a sulfonyl group are summarized in
Scheme 3.9.
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HO |,
Ref. [12] B HO_~ _~_OR
ot

Ref. [13]

o
ROW/\/Y\M OR

Ref. [14]

DOV

HO\\\‘\» N .,’\/\/\n/\/\/
H o

Ref. [15] Ref. [16]

Scheme 3.9 Target structures whose syntheses rely upon sulfonyl group mediated bond
formation

The fact that the utilization of a sulfonyl group generally requires two ex-
tra steps does not appear to detract from its popularity. Nevertheless, there
are other functional groups such as the triphenylphosphonium moiety or ni-
trile groups that may serve in exactly the same manner [17] (Scheme 3.10).

| |
CN
Ny SN
O7<O

= Li WTW
—_—
lig.NH5

O7<0 7< O7<0 7< 07<

O7<O 07<O 07<O O7<O O7<0

Ref. [18]

Scheme 3.10 Use of nitrile groups as auxiliary functions for the formation of molecular
skeletons

Nitrile groups may be be removed reductively either with LiDBB [19] or
with Li in liquid ammonia [18, cf. also 20]. Conditions for nitrile removal
are not as mild, however, as those required to remove sulfonyl groups, which
explains the popularity of the latter.

Another auxiliary functionality which can serve well for making bonds
remote from a controlling functionality is a carbon-carbon double bond. A
double bond facilitates bond formation in its vicinity and may in the end
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be removed by catalytic hydrogenation. Considering target molecule 19, the
following retrosynthetic analysis is suggested (Scheme 3.11).

19 "FGA"
[¢] [¢]
)J\:\ [ — _  e—
Ph kS Ph
o "FGA" Claisen
]
)]\ + _ | — PR [—
Ph (0] (6] Y °

0 = 20 = O
— 0]

Scheme 3.11 Use of a carbon-carbon double bond as an auxiliary function to allow the
introduction of a branch far from a preexisting functionality

Bond formation remote from functional groups is frequently required
when following a building block oriented approach to a molecular skeleton.
On considering a synthesis of cylindrocyclophane [21] (20) (cf. Scheme 3.12),
the symmetry of the target suggests a dimerization of identical building
blocks. This should give rise to a macrocycle indicating olefin metathesis
as the key reaction. Therefore an olefinic double bond becomes the auxiliary
structural element to enable linkage of the two units.

Scheme 3.12 Concept of the synthesis of cylindrocyclophane using carbon-carbon
double bonds as auxiliary groups to effect macrocyclzation

The intended macrocyclization is threatened, in theory, by a regioselectiv-
ity problem. In practice, the ring-closing metathesis proceeded with a high
regioselectivity in favor of the desired head-to-tail dimerization [21]. Since
this was not clear at the outset, the exploration of the synthesis route was ini-
tiated by a stepwise linkage of the building blocks (Scheme 3.13) to ascertain
the correct regioselectivity in the overall process [22].
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For these stepwise carbon-carbon bond-forming reactions a tosylhydra-
zone was employed as an auxiliary function [23]. The tosylhydrazine is di-
rectly removed from the product by acidic hydrolysis, after it has done its
job in enabling skeletal bond formation.

The temporary presence of a carbon-carbon double bond can be advan-
tageous for creating branches in a molecular skeleton by bond formation.
This functionality can be obtained not only by olefin metathesis, but also by
any carbonyl olefination reaction (Wittig [24], Horner-Wadsworth-Emmons
[25], Peterson, or Julia-Lythgoe [9]) (Scheme 3.14).

FGA

R\)\/\R. = R\)\NW\R. = R\/go + Liﬁ/\R'
X

X = P*Phj, P(O)Ph,, SiMe;, SO,Ph
Scheme 3.14 Approach to branches in a skeleton based on carbonyl olefination reac-

tions

When forging skeletal bonds near an olefin, the formation of vinylic bonds
has assumed a prominent role due to the development of the transition metal-
catalyzed coupling reactions (Scheme 3.15).

FGA [

o--0
R = = R.OANE~,, > R_ANBr * R
Br M
——> R N R'+ ‘Me
 — N +
Br RO RM

M = XMg, XZn, Cu(L),,, BR,

Scheme 3.15 Introduction of branches into a skeleton by formation of vinylic bonds
based on a carbon-carbon double bond as an auxiliary function

For successful application of this strategy, ready access to vinyl halides
with defined configuration of the carbon-carbon double bond is required.
Such building blocks can be obtained via carbometallation of terminal alkynes
[26] or by hydrometallation of internal alkynes, often with appropriate re-
gioselectivity [27] (Scheme 3.16).
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/
R ~ _Br ——> R\)\/M — R\//
MeAl
N cat cpyzicy,
J\/\ :> J\/\ X [
Br R M N R |:>\/R

M = Cp,ZrCl, Me,Al, XZn, BR,

Scheme 3.16 Pathways to vinyl halides with defined configuration of the double bond

The vinyl metal intermediates in the above transformations may also be
coupled with electrophilic a-synthons. Hence, alkynes emerge as the most
versatile profunctionality for generating branches in a molecular skeleton.

The formation of bonds allylic to a carbon-carbon double bond is by no
means less developed (Scheme 3.17).

FGA
R\)\/\  — R.,?)\/\,’ | — R-M +
Rl ./ ., R' Rl
X
= RM=+ R\A\/
X
R-X +
)\/\R'
M
— woade
M
Scheme 3.17 Pathways to geometrically defined double bonds by formation of allylic
skeletal bonds

When skeletal bonds to groups R and R’ are to be made in the vicinity of a
carbon-carbon double bond, substitution of allylic acetates by organocuprates
or by malonates (Pd(0)-catalyzed) comes to mind. Alternatively, when R
and R’ are to be introduced as electrophiles (a-synthons), one considers the
Lewis acid catalyzed substitution of allylsilanes or allylstannanes. The in-
corporation of a branched methallyl or isoprene moiety in this manner rep-
resents a standard example of a building block oriented strategy in synthesis
[28] (Scheme 3.18).
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R3SiO Br R,SIO COOMe
@ PZ @ COOMe P>
| |/ COOMe
COOMe Br COOMe | COOMe

Scheme 3.18 Incorporation of a branched building block into a skeleton

The generation of allylic bonds with (or without) concomitant formation
of skeletal branching may be readily achieved via sigmatropic rearrange-
ments such as Cope or Claisen rearrangements (Scheme 3.19). These oc-
cupy a favored position among the carbon-carbon bond forming reactions,
because they allow control of stereochemistry as well.

OMe
0 FGA g 0 N
° 3,3]-sigmatropic
RN"/ = andiho = LT pasonae
)
o] FGA o] o~ ~COOMe
—> /\),'  e—
RNO/ RN . o~ R)\/\ [2,3]-sigmatropic

OH OH
[ )
R R Y = R/bi\ [3,3]-sigmatropic

Scheme 3.19 Formation of allylic bonds and branches in one step by sigmatropic rear-
rangments

In summary: In a target structure with branches in the skeleton the
retrosynthetic cuts should be placed at the branching point, in order to
generate the branches in the forward synthesis. As there are usually three
options to make such a cut, it is done with regard for the existing function-
ality. If, however, the branching point is outside the reach of the existing
functionality, one tends to introduce auxiliary functional groups (i.e., FGA).
The most versatile of such auxiliary functions is the carbon-carbon double
bond, provided it can later be removed by hydrogenation without impacting
other reducible functional groups. An alternative auxiliary functional group
is the (readily removable) arylsulfonyl group. Finally, carbonyl groups meet
many of the criteria for assisting in bond formation, and hence branch forma-
tion. However, their ultimate removal frequently requires a series of reaction
steps that may involve quite harsh conditions or may not be feasible at all
[29].
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3.2 Symmetry in the Molecular Skeleton

Molecular skeletons which have c¢;- or o-symmetry are often amenable to
efficient syntheses. The number of necessary synthetic steps can be reduced
when one succeeds in making two “symmetrical” skeletal bonds simultane-
ously. This is illustrated with respect to the synthesis of compound 21 [30]
in Scheme 3.20.

O
21
HOOC COOH
24 ©

Scheme 3.20 Bidirectional construction of a molecular skeleton utilizing the inherent
c2-symmetry

The target compound 21 has c;-symmetry. One tends to introduce this as
early as possible in the synthetic sequence and to maintain it in the inter-
mediates thereafter. In the present example, the c;-symmetry prevails from
the intermediate 24 through compounds 23 and 22 to the target 21. Interme-
diate 24 is generated in a symmetrical fashion by double Michael addition
of diethyl ketone to methyl acrylate. Subsequent double methylation of 23
provides 22, retaining c,-symmetry. This illustrates how the utilization of
symmetry allows for a bidirectional elaboration of the molecular skeleton
[31, 32], by which two skeletal bonds are formed at a time. The advantage
gained in this fashion is cause for attempting to reduce a nonsymmetrical tar-
get molecule to a symmetrical precursor molecule, if possible. This is nicely
demonstrated by the synthesis presented [33] in Scheme 3.21.

H H

oo meo ] 02 0 o

- | = = T = I
po” o ome o )

Scheme 3.21 Reduction of a nonsymmetrical target structure to an intermediate with
i-symmetry to allow a bidirectional synthetic strategy
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In this example, compound 26, having a center of inversion, was identified
as a potential precursor to the nonsymmetrical target structure 25. Compound
26 was then prepared using all the advantages of bidirectional synthesis.
Symmetry was broken only in the final stage of the synthesis. Intermediate
26 is a meso compound; and so the two epoxide groups in 26 are enantiotopic
to one another. Hence, the reagent to effect desymmetrization must be enan-
tiomerically pure, in order to differentiate the enantiotopic ends in a sort of
kinetic resolution-like sense. This was achieved by enantioselective epoxide
hydrolysis (Jacobsen reaction) [34]. Importantly, this symmetry-driven syn-
thesis of 25 was much more efficient than an earlier synthesis [35], which
did not capitalize on the latent symmetry of the target structure.

As previously indicated for the example in Scheme 3.20, molecule 21
has c;-symmetry. The ends of this molecule are homotopic to one another.
Desymmetrization of such a molecule, if desired, can be achieved by chang-
ing one end of the molecule in any manner. Because the two ends of the
molecule are identical, it does not matter which end is changed, as long
as only one end is changed. In other words, desymmetrization of a c;-
symmetrical intermediate is easier than desymmetrization of a meso com-
pound. Either of these symmetry elements, if present in a molecule, opens
up the possibility for one to employ a bidirectional construction strategy. Yet
the bidirectional elaboration of a meso compound is more difficult than that
of c,-symmetrical compounds [36]. However, it may be difficult to recognize
latent symmetry in complex target structures [37]. Consider the example of
neohalicholactone (27) [38] given in Scheme 3.22.

Scheme 3.22 Neohalicholactone, a molecule with latent symmetry?

By unravelling the lactone ring, one is better able to appreciate the sym-
metry embedded in neohalicholactone. Thus, an acyclic meso compound
emerges as a suitable precursor to the target structure. After further inspec-
tion, a cy-symmetrical precursor is conceived simply by inverting the con-
figuration at one of the hydroxyl-bearing carbon atoms and eliminating the
stereogenic center in the middle of the molecule (Scheme 3.23).
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_ G G _ Neohalicholactone
o OH
m\/\(\_/\

— /\_/\‘/\/\/W/\ meso

g

or

— _ N % _ C,

OH OH

Scheme 3.23 Potential symmetrical precursor structures for neohalicholactone

Consider the c;-symmetrical precursor 28, in which both acetoxy groups
are homotopic (identical). Desymmetrization by hydrolysis of just one acetyl
residue could be readily achieved late in a projected synthesis. This would
enable a hydroxyl-directed Simmons-Smith cyclopropanation. Mitsunobu
esterification (with inversion of configuration) would then set the stage for
a concluding alkyne metathesis [39] (Scheme 3.24). This approach does not
yet address the formation of the stereogenic center in the middle of the target
structure, be it by oxidation to a ketone and stereoselective reduction.

OSiR,

\/\/\)\/Y\/ K,CO;/MeOH  symmetry breaking step
OAc
i 3

Scheme 3.24 Proposed synthesis for neohalicholactone utilizing a c;-symmetrical in-
termediate

It is equally possible to derive a synthesis plan for neohalicholactone (27)
via the meso precursor shown in Scheme 3.23. But when both options are
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available, one should first consider an approach involving a c;-symmetrical
precursor [36].

Problems

3.1 Integerrinecic acid (Scheme 3.25), despite its small size, has branches
and functional groups enough to practise meaningful retrosynthesis. The
construction plan of three very similar syntheses [40, 41, 42] (sequence of
bond formation (1), (2), (3)) shows that all cuts are made to create branches
with the aid of the existent functionality. Work backwards (3) — (2) — (1)
to recognize by which reactions a synthesis can be realized. For a completely
different approach, see reference [43].

COOH (1) COOH, ©)
COOH ’J\' *._COOH
~ r J}
OH OH

)

Scheme 3.25 Integerrinecic acid and bond-set for synthesis

3.2 Look for symmetrical building blocks as potential precursors to the fol-
lowing compounds (Scheme 3.26).

(6] OBn
a) /Kf Ar b HO™ X OBn
kox

BnO

Scheme 3.26 Target molecules incorporating hidden symmetry
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Chapter 4
Building Block Oriented Synthesis

Abstract If substructures with special features (branches, stereogenic
centers) of the target correspond to readily available starting materials, it is ad-
visable to incorporate those as building blocks in the synthesis. Guidelines are given
as to how to identify suitable building blocks.

One tends to pursue a building block oriented synthesis when building blocks
are available that contain characteristic structural elements present in the tar-
get structure. Frequently, such structural elements are stereochemistry re-
lated, e.g., the defined configuration of a multiply- substituted double bond
or a certain sequence of contiguous stereogenic centers. When the synthesis
of compound 29 (the cecropia juvenile hormone) was considered, the thia-
pyrane 30 was identified as a suitable precursor, since this subunit contains
the appropriate number of carbon atoms along with the correct double bond
configuration [1, 2] (Scheme 4.1).

X X

o

S .» 2 X

N — A [— S X
[ ) +
S .// 30
29 X X S
OH OH

OH

Scheme 4.1 Identification of a building block containing the correct double bond
configuration

R.W. Hoffmann, Elements of Synthesis Planning, 65
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When the methodology of stereoselective synthesis was still in its infancy,
it was considered advantageous to utilize sequences of stereogenic centers
available from enantiomerically pure natural products as building blocks
[3, 4]; this so-called chiral pool synthesis strategy is exemplified in
Scheme 4.2. The bicyclic acetal structure of exo-brevicomin (31) can be ret-
rosynthetically linked to the chiral ketodiol 32, which can be derived from
(S, 8)-(—)-tartaric acid, a readily available chiral starting material. This leads
to the building block oriented bond-set depicted in intermediate 32.

OH
= A\/A\/“\/ﬂ\ — HOOC\//\COOH
OH

(+) exo-| brewcomm

Scheme 4.2 Building block oriented (ex chiral pool) retrosynthesis of exo-brevicomin

Several syntheses of exo-brevicomin have been executed according to this
bond-set [5, 6, 7, 8, 9]. Their step count varies between 7 and 12, illustrating
that, for a given bond-set, there is still ample room for intelligent planning of
a synthesis in the forward direction. One [9] of these syntheses is illustrated
in Scheme 4.3.

SO,Ph SOzPh

A -COOR —= O%OR — O
j§6 j//o OTos
ROOC™™ ROOC

TosO

Q SO,Ph
- o _. 0O SO,Ph o)
O o)
TosO

Scheme 4.3 Building block oriented synthesis of exo-brevicomin from tartaric acid

This synthesis uses an auxiliary sulfonyl group (FGA, see Sect. 3.1) to
enable the formation of one of the skeletal bonds.

The choice of a suitable chiral precursor is often obvious for a given target
structure. However, the obvious choice is not necessarily the only meaningful
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or possible solution. In the case of eleutherobin 33, one tends to immediately
envision (+)-carvone as a suitable chiral precursor [10]. However, a differ-
ent adaptation reveals that (—)-carvone could also be an attractive precursor
[11]. Even a-phellandrene has been chosen as the starting point for an effi-
cient synthesis of eleutherobin [12] (Scheme 4.4).

O
=
0 ~ N—
N=/
33

OMe Eleutherobin

O-sugar
(+)-Carvone (-)-Carvone  (-)-o-Phellandrene

Scheme 4.4 Suitable chiral building blocks for the synthesis of eleutherobin

In order to make the optimal choice from among suitable chiral precur-
sors, one needs a compilation of all available chiral natural products. A se-
lection of these is published in a review by Scott [13]. However, because one
tends to write a target structure in a distinct arrangement, and the potential
chiral precursors are often depicted quite differently, it can be difficult to rec-
ognize similarities or differences in constitution and configuration between
target and precursor structures. Such comparisons can be effected reliably
by computer programs [14]. Yet when one writes both target structure and
precursor structures in the same spatial arrangement, even pedestrian solu-
tions become readily apparent. This is illustrated by a list of common sugar
building blocks, written in a zig-zag arrangement of the backbone, from C-6
to C-1 and also in the opposite sense (Schemes 4.5 and 4.6).
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D-Sugars

HO \/V\/'\) D-glucose

HO w D-galactose
How D-mannose

D-gulonic acid
HOW oH

HO . D-arabinose

HOVH/H D-xylose
|
HO\/‘\/H D-ribose

4 Building Block Oriented Synthesis

Scheme 4.5 Readily available D-sugars in zig-zag arrangement of the main skeleton

L-sugars
C-6 C-1
OH O O
z L-ascorbic acid
HO . oH H
OH O
OH OH
HOM L-arabinose
\
OH O
OH OH OH
HOWY L-sorbose
OH O
OH OH
L-rhamnose

el

OH OH

Scheme 4.6 Readily available L-sugars in zig-zag arrangement of the main skeleton
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It is advisable to copy these schemes as a transparency. When a target
structure has several oxygenated stereogenic centers along its main chain,
one should write the target structure in a zig-zag arrangement of the main
chain. Then it will be possible by an overlay of the transparency to check
which readily available sugar molecules possess a complete or partial con-
gruence regarding the stereogenic centers. For example, consider the arachi-
donic acid derivative 34. The comparison shown in Scheme 4.7 indicates that
D-glucose could be a useful precursor. A synthesis along these lines would
require deoxygenation at C-3 of glucose, as well as chain extensions at C-1
and C-6. In fact, an efficient synthesis of compound 34 was accomplished
via this strategy [15].

0] OH
MeO)J\/\/:\/'\i/\i/\\/:\/\/\
OH OH
34
OH OH
HO z D-glucose
r Y7o
OH OH

Scheme 4.7 Identification of D-glucose as a suitable precursor for synthesis of 34

During a synthesis of erythronolide A, carried out by our group at
Marburg, we needed the chiral aldehyde 35 as starting material. Perusal of
the list of commercially available chiral starting materials [13] suggested a
synthesis of lactone 36 from D-fructose (Scheme 4.8). With this in mind,
aldehyde 35 was prepared from fructose in eight steps [16].

HO
Me Me
H = O~ 0]
/, ~=0
M —> —> D-fructose
0,0 HO OH
S :
35 8 Steps

’/YOH

Scheme 4.8 Identification of suitable precursors for the synthesis of 35

37

Yet, by today’s standards, an effort of eight steps to create a molecule with
just two stereogenic centers is decidedly inefficient! Due to the significant
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enhancements in stereoselective synthesis methodology, it is now possible
to access the aldehyde 35 in three steps via Sharpless asymmetric epoxida-
tion beginning with the allylic alcohol 37 [17]. Thus, a principle drawback
of ex chiral pool synthesis is illustrated: an excessive number of steps is re-
quired in order to trim down an overfunctionalized natural product during a
synthesis in which it is employed. Ex chiral pool synthesis is only justified
when the chiral building block contains a considerable measure of complex-
ity (e.g., three or more stereogenic centers) that can be incorporated into the
target structure. Long reaction sequences, after which only one stereogenic
remains intact from a complex sugar [18, 19], are justified only if the aim is
to establish absolute configuration by chemical correlation.

The search for suitable chiral precursor molecules, which can be incor-
porated into a target structure with minimum effort, is an important part of
planning a synthesis. When the target structure contains multiple stereogenic
centers, it may be advantageous to take not all, but just the first stereogenic
center from the chiral pool and then install the others by asymmetric syn-
thesis, preferably by substrate-based asymmetric induction. In any case, one
should think critically about any ex chiral pool synthesis of a target struc-
ture, bearing in mind the number of steps needed to remodel and incorporate
a readily available chiral building block.

Problems

4.1 In Scheme 4.9 the core structure of polyoxamic acid is shown. Suggest
suitable chiral building blocks for its synthesis.

H H,
RO\/\Z:/\COOH R = H,N-CO-
OH

lle)
nz

Scheme 4.9 Structure of polyoxamic acid

4.2 Scheme 4.10 displays the structure of D-erythro-sphingosine. Suggest
suitable chiral building blocks for its synthesis [20].

Ha

HO\/\‘/\/R R ="Cy3H,7

OH

iz

Scheme 4.10 D-erythro-sphingosine, a target that invites synthesis from the chiral pool



References 71

References

DN =

—

13.

14.
15.
16.
17.
18.

19.
20.

SO XNk W

P. L. Stotter, R. E. Hornish, J. Am. Chem. Soc. 1973, 95, 4444-4446.

K. Kondo, A. Negishi, K. Matsui, D. Tunemoto, S. Masamune, J. Chem. Soc., Chem.
Commun. 1972, 1311-1312.

D. Seebach, H.-O. Kalinowski, Nachr. Chem. Tech. Lab. 1976, 24, 415-418.

S. Hanessian, Aldrichimica Acta 1989, 22, 3—14.

B. Giese, R. Rupaner, Synthesis 1988, 219-221.

H. H. Meyer, Liebigs Ann. Chem. 1977, 732-736.

K. Mori, Y.-B. Seu, Liebigs Ann. Chem. 1986, 205-209.

H. Kotsuki, I. Kadota, M. Ochi, J. Org. Chem. 1990, 55, 4417-4422.

Y. Masaki, K. Nagata, Y. Serizawa, K. Kaji, Tetrahedron Lett. 1982, 23, 5553-5554.
K. C. Nicolaou, T. Ohshima, S. Hosokawa, F. L. van Delft, D. Vourloumis, J. Y. Xu,
J. Pfefferkorn, S. Kim, J. Am. Chem. Soc. 1998, 120, 8674-8680.

S. M. Ceccarelli, U. Piarulli, C. Gennari, Tetrahedron 2001, 57, 8531-8542.

. X.-T. Chen, C. E. Gutteridge, S. K. Bhattacharya, B. Zhou, T. R. R. Pettus,

T. Hascall, S. J. Danishefsky, Angew. Chem., Int. Ed. Engl. 1998, 37, 185-186.
(Angew. Chem. 1998, 110, 195-197).

J. W. Scott in Asymmetric Synthesis (Eds.: J. D. Morrison, J. W. Scott), Academic
Press, New York, vol. 4, 1984, pp. 1-226.

S. Hanessian, J. Franco, B. Larouche, Pure. Appl. Chem. 1990, 62, 1887-1910.

G. Just, C. Luthe, Can. J. Chem. 1980, 58, 1799-1805.

R. W. Hoffmann, W. Ladner, Chem. Ber. 1983, 116, 1631-1642.

R. Stiirmer, Liebigs Ann. Chem. 1991, 311-313.

H. Redlich, W. Francke, Angew. Chem., Int. Ed. Engl. 1980, 19, 630-631. (Angew.
Chem. 1980, 92, 640-641).

H. Redlich, J. Xiang-jun, Liebigs Ann. Chem. 1982, 717-722.

P. M. Koskinen, A. M. P. Koskinen, Synthesis 1998, 1075-1091.



Chapter 5
The Basis for Planning

Abstract Systematic retrosynthetic analysis of a target structure will point out building
blocks and types of reagents needed to carry out the forward synthesis. At this point
actual reagents that correspond to the required type have to be identified. This pertains
also to the identification of conjunctive reagents needed to combine building blocks.

It should be well appreciated from the preceding chapters that the planning
of syntheses is aimed at identifying the key bonds in a target structure, the
formation of which would allow the most direct way of attaining the tar-
get. During the initial phase of this mental process, the nature of the bond-
forming reaction, as well as the polarity type of the bond formation, were
not yet specified. Thinking in such a generalized manner relies upon “half-
reactions” [1, 2, 3], reactions in which only one partner, (e.g., the dithiane
anion) is defined, whereas the other partner (any electrophilic a-component,
designated in Scheme 5.1 as E-X) remains undefined. Only the type of bond
formation is implied (Scheme 5.1). Thinking in terms of half-reactions is an
essential element in planning a synthesis.

<:z> @/?E-X — <:z>—E + x9

Scheme 5.1 Half-reaction, a reaction between one defined and one undefined partner

The available synthetic reactions can be represented as a combination of
two half-reactions each. They can be classified according to certain types of
half-reactions [4]. During efforts to arrive at computer-aided synthesis plan-
ning, it was recognized that a rather small number of types of half-reactions
suffices to encompass the majority of synthetic methodology. Hendrickson

R.W. Hoffmann, Elements of Synthesis Planning, 73
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originally defined 29 reaction types, derived from 11 nucleophilic and 4 elec-
trophilic half-reactions [5]. Later this set was expanded to a matrix derived
from 16 nucleophilic and 9 electrophilic half-reactions [6]. Some typical
half-reactions are illustrated in Scheme 5.2.

Nucleophilic half-reactions

\
1- O + EX — e o+ x©
/ /
7 1
2— )ga Cc=C + EEx — X C-C-E + X®
N T
3 ec—c:c . Ex —= C=CGCE + xO

Electrophilic half-reactions

VN
1+ XC o+ N© —— cnu + x©
VN VRN
2+ X-E C=C + Nu®4’ E-C-C-Nu + Xe
VN o
3+ X-C-C=C 4+ Ny&& —— C=C-C-Nu + X

Scheme 5.2 Some types of half-reactions

As useful as half-reactions are during the initial generalized phase of
planning a synthesis, to advance further one needs a catalogue of real re-
actions that correspond to a given half-reaction. In order to organize the vast
catalogue of reactions that correspond, for instance, to the reaction of d!-
synthons with electrophiles, one may sort the type 1— half-reactions by the
oxidation state at C-1 of the d'-synthon. One may further subclassify those
by the kind of backbone of the d!-synthon, as adumbrated in Scheme 5.3.

X | x X X X
HCO |HLO| HCO HCO  x-CcO x-CO
X X

U X X x X
H-cO ¢-CO c-co C=cO

H H c X = electronegative heteroatom

Scheme 5.3 Subgroups of d!-synthons
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When desired, one may regard the oxidation state at C-2 of the d!-
synthon, leading to a matrix of conceivable (desirable) reagents (Scheme 5.4).

H X Y X Y X yoX Y X MY
H-C-CO H-C-CO H-C-CO H-C-CO Y-C-CO Y-C-CO
H H H H Y H H Y H H
HoX Y X Y X ¥ X
c-c-CO C-C-CO C-Cc-CO c-C-cO
H H H H Y H H
HX oYX
c-c-cO Cc-¢c-cO
CH CH
i X Y X
C=c-cO C=C-CcO
H H
X
C=C-CO X, Y = electronegative heteroatoms

Scheme 5.4 Matrix of desirable d!-synthons

Following such guidelines it becomes possible to arrive at a list of skeletal
bond-forming reactions that belong to a certain type of half-reaction. The
purpose of doing this is to check whether one or several real reactions exist
to effect a transformation indicated by a half-reaction. Entries on such a list
should contain the type of half-reaction, the synthon-type, and a table of
typical skeletal bond-forming reactions possible with this reagent. Examples
of how such entries might look are given below. More or less comprehensive
lists of dl—synthons can be found in references [7, 8, 9].

OH nBuLi OLi E-X OLi OH OH
SnBuj E

Alkylation with R-X 40-98%

Hydroxyalkylation with epoxides Not given

Hydroxyalkylation with RCHO, R,CO 40-60%

Acylation with RCOX Not given

1,4-Addtion to Enones, etc. Not given

Seebach et al. Chem Ber 113, 1290-1303 (1980)
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O  PhMe,SiLi OSiMe,Ph E-X OSiMe,Ph J?\
- Li — E
R™ < SiMelzPh SiMe,Ph R™ E j j""
OH RO S)
R = Alkyl S~—
R™E
Alkylation with R-X 40-98%
Hydroxyalkylation with epoxides Not given
Hydroxyalkylation with RCHO, R,CO Not given
Acylation with RCOX Not given
1,4-Addtion to Enones, etc. Not given
Fleming et al. Helv. Chim. Acta 85, 3349-3365 (2002)
(\l n-BuLi m E-X K\| o} o OH
s s __ S S S S . |
B <H AL R E RJLE R) © R) S
Alkylation with R-X 60-90%
Hydroxyalkylation with epoxides 70-90%
Hydroxyalkylation with RCHO, R,CO 60-90%
Acylation with RCOX problematic
1,4-Addtion to Enones, etc. ca. 90%

Seebach et al. Synthesis 1969, 17-36
Brown et al. Chem. Comm. 1979, 100-101

During the detailed phase of planning a synthesis one would focus on
those reagents, which would directly effect the desired transformation. Some
desirable reagents, e.g., those of structure 38, may not be available, because
they contain a potential leaving group in the B-position to a negative charge.
In such situations the synthetic equivalents of such reagents should be listed,
i.e., reagents that ultimately allow the desired transformation to be accom-
plished, but require one or more functional group interconversion steps to
reach this goal (Scheme 5.5).

Y X ¢ Hl Gl
H_(.:_(.:@ NC—(?@ is a synthetic equivalent for H_(.:_C.;@
H H H H H
38 OR HN OR

NC—Q@ is a synthetic equivalent for H—Q—CI: S
H HH

Scheme 5.5 Synthetic equivalents for synthons to which no analogous reagent is di-
rectly available
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Some databases, such as WebReactions (http://www.webreactions.net/),
REACCS (http://www.mdl.com/company/about/history.jsp) or MOS (http://
www.accelrys.com/products/datasheets/chemdb_mos_a4.pdf) are organized
in a similar fashion and allow one to search for real reactions that correspond
to certain half-reactions.

The functional group oriented strategies, the skeleton oriented strate-
gies, or the building block oriented strategies, discussed in the previous
chapters, may concern only partial structures of a larger target molecule.
Hence, there often remains the task of linking these partial structures to-
gether in order to reach the complete target. These linkage operations fre-
quently require the use of bivalent conjunctive reagents [10], as discussed
in Chap. 2.2.5. Therefore a list of such multiple coupling reagents [11]
possessing various skeletons and functionalities will be handy at this stage
of synthesis design. An example is given in Scheme 5.6, illustrating how
ethyl acetoacetate may serve as a synthetic equivalent of the acetonyl-1,1-
dianion synthon, because the former may be alkylated twice, followed by
decarboxylation.

(0] (0]
)J\/COOR is synthesis-equivalent for )J\ e

0 0 ©
)J\<COOR — )K(RZ
R1 R2 R1

Scheme 5.6 Ethyl acetoacetate as synthetic equivalent for the acetonyl-1,1-dianion

Because bivalent conjunctive reagents are so useful for piecing together
parts of a target structure, further examples (in addition to those given on
p. 39) are shown in Scheme 5.7.

The value of using bivalent conjunctive reagents can be seen in a building
block oriented synthesis of juvabione (39) [19] (Scheme 5.8).

Beyond 1, /-bivalent conjunctive reagents, there are a variety of /,2- and
1,3-bivalent conjunctive reagents [9, 11, 29]. Therefore, as a basis for plan-
ning syntheses, one not only needs a catalogue of differently functionalized
synthons and corresponding real reagents, but also a similar catalogue of
the various bivalent conjunctive reagents. Unfortunately, comprehensive cat-
alogues of that sort do not yet exist.



5 The Basis for Planning

Li CN.  PhSO, SO,
ot N S
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Ref.[12]  Ref.[13] Ref.[14]  Ref.[15]

S CN_  HOOC_ MesSn
8C=O <:> > > 4 =N Na,Fe(CO),
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Scheme 5.7 Examples for synthetic equivalents of 1,1-bivalent conjunctive synthons

COOMe 0.0
0 =
«Je L v HOOC PN
X MeS

39 |

Scheme 5.8 Use of a /,/-bivalent conjunctive reagent in the synthesis of juvabione
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Problems

5.1 When a nucleophilic and an electrophilic building block are to be linked in
a synthesis by a methylene group (e. g., as a consequence of a building-block
approach), aconjunctive reagent such as the one in Scheme 5.9 might be handy.
What reagents and reactions could be used to effect such a coupling?

RO ®CH2@ + RO R-CH,-R'

+

Scheme 5.9 Hypothetical conjunctive reagent for coupling of a nucleophilic and an
electrophilic component
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Chapter 6
Formation of Cyclic Structures

Abstract Rings in a target structure are to be made from acyclic precursors by in-
tramolecular one-bond formation (ring closure reaction) or by two-bond formation in
a cycloaddition reaction. Bicyclic and polycyclic target structures are approached in
the same way, whereby two-bond disconnections or multi-bond disconnections in re-
action cascades are preferred. Multi-bond disconnections may be advantageous, even
when a surplus extra bond is generated in the forward synthesis.

A ring in a target structure can be formed by a ring closure reaction from
open-chain precursors forming one ring bond. Two ring bonds may be
formed in one stroke, when the ring is formed by a cycloaddition reaction
[1]. Hence, when addressing the formation of rings in retrosynthesis, both
one-bond disconnections and two-bond disconnections have to be evaluated.
Regarding cyclopropanes, both alternatives appear to be well precedented.
This is also true for cyclobutanes, for which both photo-[2 + 2]- and ketene-
[2 + 2]-cycloadditions are well established. For the formation of carbocyclic
cyclopentanes or cycloheptanes, cycloadditions claim only a minor role, be-
cause [3 + 2]- and [4 + 3]-cycloaddition reactions [2] are not yet fully devel-
oped. Thus, for cyclopentanes and cycloheptanes ring closing reactions, such
as intramolecular enolate alkylation and Dieckmann cyclizations, dominate.
For an overview of ring forming reactions, see Scheme 6.1.

For one-bond disconnections of a ring (planning ring closure reactions),
one selects the cut according to the functional group presence or the presence
of substituents (= branches). For two-bond disconnections one could envi-
sion stepwise formation of these bonds. This leads one to look back at the bi-
valent conjunctive reagents presented in Chap. 2.2.5 and 5 (cf. Schemes 5.7,
2.62, and 2.63). These reagents are well-suited for the formation of cyclic
structures and are frequently used in this context.

The available methodology for generating six-membered rings is quite
varied and thus provides several options during the planning of a synthesis.

R.W. Hoffmann, Elements of Synthesis Planning, 81
DOI 10.1007/978-3-540-79220-8_6, © Springer-Verlag Berlin Heidelberg 2009
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Cyclic compounds Cyclic compounds
by ring closure by cycloaddition
D. X e X-CHy-Y
N
[ ]
Y l)

o--o
.\
)
() N
) g

o--0

.\
@

Scheme 6.1 Bond-sets for the construction of cyclic compounds

Principal possibilities [3] for the synthesis of cyclohexane 40 are illustrated
in Scheme 6.2.

COOR COOR
——— (1)
40
COOR
X
——— @)
COOR
[ — ROOC @)
COOR
[ — 7 | (4)
J

Scheme 6.2 Retrosynthesis of cyclohexane 40

When a cyclohexane ring is present in the target, one should always
determine whether or not a corresponding aromatic compound exists that
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could be reduced to the desired cyclohexane by either hydrogenation or
by Birch reduction followed by hydrogenation (Scheme 6.2, case (1)). One
should also consider the classical ring-forming reactions (Scheme 6.2, cases
(2) and (3)). It is most attractive to form six-membered rings by [4 + 2]-
cycloaddition reactions (Scheme 6.2, case (4)). Unfortunately, the strategi-
cally valuable [3 + 3]-cycloaddition methodology is essentially undeveloped
[4,5,6,7,8,9, 10, 11]. Hence, Diels-Alder cycloaddition is frequently the
silver bullet. Regioselectivity issues arise when substituents are present on
both the diene and the dienophile. The general rule is that a y-ortho or y-
para arrangement of substituents is preferred over a Y-meta arrangement in
the resulting cyclohexene ring (Scheme 6.3).

y-para y-meta
COOR
T, — 0«17
X COOR COOR
70:30
Me,Sn Me,Sn Me,Sn
COOR
I S l - +
COOR COOR
91:9

Gl o (3

_B B B

o) f l o \@\ lolg
+ —_— +

a2 X COOR COOR

2:1

UCOOR

Scheme 6.3 Regioselectivity of Diels-Alder cycloadditions

The degree of regioselectivity is controlled in large part by the orbital co-
efficients in the HOMO of the diene and in the LUMO of the dienophile. One
can exploit this aspect of the [4 + 2]-cycloadditions to enhance regioselectiv-
ity [12]. For instance, an auxiliary silyl or stannyl substituent (cf. compound
41) may serve to improve an otherwise unsatisfactory regioselectivity during
a Diels-Alder cycloaddition [13]. A boryl substituent, such as in diene 42,
defines a position in the Diels-Alder product at which other (alkyl or aryl)
substituents can be introduced in follow-up steps; unfortunately, diene 42
confers poor regioselectivity.
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Oxygen-substituted dienes generally afford highly regioselective Diels-
Alder cycloadditions. This is a hallmark of the Danishefsky dienes [14]
(Scheme 6.4).

R3SiO. l R3SiO OD\
+ ]i ]
< COOR COOR COOR

OMe OMe

Scheme 6.4 High degree of regioselectivity through the use of Danishefsky dienes

Regioselectivity can be improved not only by modifying the diene compo-
nent, but also by altering or activating the dienophile. Examples include the
addition of Lewis acids [15] or the in situ generation of (substituted) allylic
cations as dienophiles [16, 17, 18] (Scheme 6.5).

~

e
|
£
3

O 71.20
+ SnCl, 93:7
+ CF4SOgH >95: <5 via k%o

HO\J

G

Scheme 6.5 Increase in regioselectivity by activation of the dienophile

In the end, the substituent patterns y-ortho and y-para can readily be
obtained in Diels-Alder cycloadditions. When a y-meta arrangement of
substituents is desired, one has to generate an umpolung by additional
substituents. Umpolung at the diene [19, 20, 21, 22, 23] is illustrated in
Scheme 6.6.
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y-para \u-meta

"oy =0 “Or

major product

MeO Y MeO. MeO
* tﬂ/ - *
X
0 0
<5:>95
SPh SPh SPh O

| H

N LWH H *

AcO o AcO O AcO
<5:>95

Scheme 6.6 Umpolung of regioselectivity in Diels-Alder cycloadditions

The arylthio group causes an umpolung that overrules the regiodirection
of a methoxy or acetoxy group. Characteristic for an umpolung strategy, the
arylthio substituent must be removed in a subsequent step, for instance by
reduction with Raney-Ni.

In summary, for the generation of substituted six-membered carbocycles
via the Diels-Alder cycoaddition there are “normal” dienes that result in a y-
ortho and y-para arrangement of substituents in the product (Scheme 6.7):

R

Ry ~
R = alkyl, acyloxy, alkoxy, silyloxy

AN X

Scheme 6.7 y-ortho and y-para directing “normal” dienes

and there are umpoled dienes, which allow the formation of cyclohexenes
with a y-meta arrangement of the desired substituents (Scheme 6.8):

ArS R

Ry ~
R = alkyl, acyloxy, alkoxy, silyloxy

X AN

ArS

Scheme 6.8 yw-meta—directing dienes using umpolung by an arylthio group
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The difficulty in overruling the directing power of substituents increases
in the sequence alkyl, acyloxy, alkoxy, silyloxy.

A y-meta arrangement of substituents on a cylohexene ring can also be
formed in Diels-Alder reactions using a special y-meta—directing dienophile,
vinyl-9-bora-bicyclo[3.3.1]nonane [24, 25] (Scheme 6.9).

= BBN BBN
T
A

Scheme 6.9 y-meta—directing dienophile with a 9-BBN-substituent

While the boryl substituent is not normally the substituent one needs in
the target, it facilitates further skeletal bond-forming reactions and refunc-
tionalizations. This mitigates (in terms of step count) any advantage over an
umpolung of the dienophile, which is to be followed by ultimate removal of
the auxiliary functionality [26, 27] (Scheme 6.10).

COOR
J/COOR K,COs COOR
directing

auxiliary MeO MeO
substituent

Scheme 6.10 Umpolung of a dienophile by a nitro group

Diels-Alder reactions (with normal electron demand) rely on an electron-
rich diene and an electron-deficient dienophile. As a consequence, there exist a
number of “impossible” dienophiles one might like to use in synthesis, which
turn out to have too poor reactivity in Diels-Alder cycloadditions or which
participate in alternate reaction pathways. Such “impossible” dienophiles are
CH,=CH,, RCH=CH,, CH,=C=0, HC=CH, and RC=CH — all building
blocks that one really wishes to employ in the planning of a synthesis. For-
tunately, a series of synthetic equivalents for these “impossible” dienophiles
exists. They participate readily in Diels-Alder cycloadditions, though they re-
quire subsequent refunctionalization steps. The example [28] in Scheme 6.11
demonstrates that vinylsulfone CH,=CHSO,Ph may serve as a synthetic
equivalent for either CH,=CH; or RCH=CHj,.
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=
:\li ’/802Ph ;G/SOQPh LiN'Pr, ;0/802Ph
T —
R'X

‘ Na/Hg/MeOH Na/Hg/MeOH

10 o

Scheme 6.11 PhSO,CH=CHj as synthetic equivalent for CH,=CH,

In Scheme 6.12 are listed some typical synthetic equivalents for HC=CH
[29, 30, 31, 32].

SO,Ph SO,Ph SO,Ph
g S A

Me3Si Ph802

+
ToISOZJ/ LO MeOH ‘“

Scheme 6.12 Synthetic equivalents for HC=CH

The scope of the Diels-Alder cycloaddition in synthesis planning is ex-
tended by the fact that both terminal and internal alkynes (RC=CH, RC=CR)
enter into [4 + 2] cycloadditions with dienes in the presence of Co(0) cata-
lysts. These cycloadditions result in cyclohexa-1,4-dienes arising from a for-
mal Diels-Alder reaction [33, 34]. Finally, numerous synthetic equivalents
for ketene to be used in [4 + 2] cycloadditions have been developed in the
context of prostaglandin syntheses. Thus, a broad range of possibilities for
achieving these cycloadditions is now available [35, 36, 37] (Scheme 6.13).

Me3Si\”/ CI\H/CN CI\H/COOR rN02 r
@ Me3S|\”/SOPh [ SiMe3 [ OS|Me3 [
SoPh HzO

Scheme 6.13 Synthetic equivalents for H,C=C=0

SOPh BBN

In order to check whether the Diels-Alder disconnection fits a cyclohex-
ane moiety in a target structure, one starts by drawing a double bond in the
ring (add DB). This bond should be placed in such a manner that the sub-
stituent pattern on the resulting cyclohexene ring could be reached by the
reaction of normal dienes and dienophiles without resorting to umpoled vari-
ants or other synthetic equivalents. An example is given in Scheme 6.14.



88 6 Formation of Cyclic Structures

CN' add DB CN ~ _CN

Scheme 6.14 Retrosynthetic disconnection of a cyclohexane derivative to allow a Diels-
Alder approach

In cases where the six-membered ring in the target structure already
possesses a double bond, it is almost compulsory to check the viability
of a Diels-Alder approach. The position of the double bond with respect
to substituents may, however, be such as to contraindicate a Diels-Alder

?
WCN X
)@ = ﬂ’\‘ * W
ﬂ} Me,CulLi
OAc

OAc
A CN ~ CN  Refs. [38, 39]
[ — |/

SOgPh
=>II
. Ref. [40]
ﬂ‘j Bu,N*OAC™

MeSO,. /NHZ Mesog\ ~N(alloc), MeSOy /N(alloc)z

/@Ao =>/©Ao‘:>/<(\o

Pd,(dba)s

®O°M

CHg-CgHy-SO3H

SO,Ph

MesSi O MesSi O Ref. [41]

@fﬁifk

o o +
ﬂ\ PhgP

PhS(0) PhS(0)

Refs. [42, 43]
COOR COOR
U™ =

Scheme 6.15 Enabling straightforward Diels-Alder cycloadditions by shifting the
cyclohexene double bond by one position
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disconnection. In such cases it is good to know that reactions exist by which
the double bond in the ring may be moved by one position (Scheme 6.15),
hopefully resolving the problem.

In summary, there are a multitude of methods available for preparing six-
membered rings with various substituent patterns. The same cannot be said
for the synthesis of seven-membered rings. As a result, seven-membered
rings are frequently accessed via ring enlargement [44] (Scheme 6.16), pro-
vided the required substituent pattern can be easily placed on the cyclohex-
ane nucleus [45].

o o]
é N,CH-COOR COOR
Et,0° BF,
H H \*OPG
O
(n\\ope N,CH-SiMe, (\/tc’):
J—— O
o s o BF,OEt, o
H A

Scheme 6.16 Ring enlargement from six- to seven-membered rings

6.1 Anellated Bicycles and Anellated Polycycles

A bicyclic system consisting of two anellated rings can be viewed as a mono-
cycle, which carries two substituents that happen to be closed to the other
ring. In terms of retrosynthetic considerations, the four exendo bonds are
important, i.e., those bonds that are endocyclic in one ring and exocyclic
with respect to the other ring (Scheme 6.17).

bicyclic system
the four exendo-bonds are marked

Scheme 6.17 Tllustration of exendo bonds in an anellated bicyclic system

The formation of an exendo bond rapidly increases complexity during
synthesis, as it creates a branch (a substituent) on one ring and at the same
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time prepares for ring closure of the second ring. Hence, the bond-set for
anellated bicycles is chosen so as to form two exendo bonds. In this sense,
the second ring is actually anellated to the first ring (Scheme 6.18).

Gl G

Scheme 6.18 Bond-sets for the synthesis of anellated bicycles focusing on exendo
bonds

Of lower ranking would be disconnections in which only one exendo bond
is targeted (Scheme 6.19).

.
./
. . . ‘e
o
./
B
‘ ¢

Scheme 6.19 Bond-sets for the synthesis of anellated bicycles featuring one exendo
bond

Retrosynthetic analysis of anellated bicycles in this manner does not con-
sider the endoendo bond, which is also called a fusion bond (Scheme 6.20).

bicyclic system
the endoendo-bond is marked

Scheme 6.20 Illustration of the endoendo bond in an anellated bicycle

Since the classical Robinson annulation [46] numerous reaction schemes
have been developed that allow the anellation of five- and of six-membered
rings [47, 48, 49]. The following compilation (Scheme 6.21) illustrates that
certain anellation procedures require and/or generate certain functionalities
in either the original or the anellated ring.
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Scheme 6.21 Bond-sets for anellation schemes to obtain functionalized bicycles
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Annelation schemes provide a viable route to obtain bicycles. A much
more rapid increase in complexity is achieved in bicyclization reactions.
Here, bicycles arise directly from open chain precursors. Scheme 6.22 shows
that again exendo bonds are considered in this two-bond disconnection, but
it is a different pair of the exendo bonds than in anellation schemes:

d
L a

COOR

g\\b Refs. [89, 90]

KU Ref. [91]
@

Ref. [92]
[ e— X
\

F3B.OE12

|

Scheme 6.22 Electrophile-induced bicyclization reactions

In biyclization reactions, however, endoendo bonds may be cut as well,
cf. the case in Scheme 6.23 involving an exendo and an endoendo bond [93].

o} )

° _N
— —— 2
\ g \ g N N

A Cu(acac),

Scheme 6.23 Bicyclization with formation of an exendo and an endoendo bond

Thebicyclization shown in Scheme 6.23 initially generates abicyclo[4.1.0]-
system, which contains a vinylcyclopropane that readily undergoes a thermal
rearrangement to a cyclopentene, which in this case leads to the bicyclo[4.3.0]-
system.
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A highly favored reaction to effect bicyclizations is the intramolecular
Diels-Alder cycloaddition [94] (Scheme 6.24), that forms an endoendo bond.

COOR COOR
L)
\\ X
o--o | eo— |
=
ROOC OR
L]
\.
- -0

Scheme 6.24 Bicyclizations via intramolecular Diels-Alder cycloaddition

When the target bicycle lacks a suitably placed double bond in a six-
membered ring, retrosynthesis starts with FGA (= add double bond)
[95, 96, 97, 98]. In bicyclization reactions forming an endoendo bond,
the stereochemistry of the reaction has to be monitored (formation of a
cis or of a trans fusion of the two rings). With anellated systems of a
five- to a six-membered ring the cis juncture is thermodynamically fa-
vored. This renders it possible to reach a cis fused bicyclo[4.3.0]nonane sys-
tem by an epimerization process following the bicyclization reaction [99]
(Scheme 6.25).

COOR

Scheme 6.25 Bicyclization followed by adjustment of the relative configuration
(epimerization) at the endoendo bond

A bicyclization strategy allows one to create a complex pattern of sub-
stituents and functional groups by the methods of acyclic synthesis. This is
then transformed in the final step (Scheme 6.26) into the target with a rapid
increase in complexity [100].

t/\

= = = =
G AN
COOR COOR

Scheme 6.26 Rapid increase in complexity by bicyclization of an open-chain precursor
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To judge the relative merits of an anellation versus a bicyclization strat-
egy, it is instructive to look at the many syntheses [101] of compactin and
mevinolin, which represented a popular synthesis target in the early 1980s
(Scheme 6.27).

The synthesis problem

PGO R

R=H Compactin

R = CHz Mevinolin

Anellations:
. PGO  COOR R
\ =
RoocHY T e J\ »
d o ./
| ’ o SR // :
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o° ,/' Z

PGO (6]
Refs. [102, 103] Ref. [104] Ref. [105] Ref. [106]

X0
llle]

\\"‘q\.}_.

Ref. [107] Ref. [108] Ref. [109]

Bicyclizations:

Ref. [110] Ref. [111] Refs. [112, 113] Refs. [114, 115, 116]

Scheme 6.27 Anellation versus bicyclization during syntheses of compactin and
mevinolin
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When looking at polycyclic target structures like those of the tetracycline
or anthracycline antibiotics, the most efficient syntheses rely on bicyclization
approaches. They are especially impressive when they have been executed as
cascade reactions forming more than two bonds at a time. In this context, the
reader is referred to Muxfeldt’s 1965 synthesis of tetracycline (Scheme 6.28)
[117], the first example of this groundbreaking strategy.

Scheme 6.28 Rapid increase in complexity by bicylization during Muxfeldt’s synthesis
of tetracycline

The elegance of this approach becomes obvious when compared to the
sequential anellations used by Woodward in his tetracycline synthesis [118]
(Scheme 6.29).

Cl
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0 Mg( OMe 2)NaBH,

1) TolSOgH H NMe,
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NaH/DMF
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Scheme 6.29 Woodward’s construction of the tetracycline skeleton by sequential anel-
lation reactions
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The following examples further illustrate the versatility of bicyclization
strategies (Scheme 6.30).

RsSIO COOR o}
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t N g,
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Ref. [119]
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— | Ref. [120]
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Scheme 6.30 Rapid increase in complexity by bicylization reactions

Bicyclization reaction sequences based on the Diels-Alder cycloaddi-
tion are likewise the hallmark of modern steroid syntheses, as shown in
Scheme 6.31.

o) ﬁ?? Q§ﬁ o)
Refs. [122, 123, 124, 125, 126] o
SO, ||

Scheme 6.31 Steroid-syntheses based on Diels—Alder bicyclizations

Combined with a cobalt-catalyzed alkyne trimerization, bicyclization pro-
vides spectacular inroads to the skeleton of estrone (Scheme 6.32) [127].
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0]
MesSi MeaSi _
Me3Si
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Scheme 6.32 Bicyclization reaction as a key step in a rapid synthesis of the estrone
skeleton

When considering the synthesis of anellated bi- and polycycles, the rapid
increase in complexity associated with bicyclization reactions suggests that
an evaluation of this possibility should be considered first. Therefore, deter-
mine whether the target contains a centrally located six-membered ring that
can be constructed using an intramolecular Diels-Alder cycloaddition.

6.2 Bridged Bi- and Polycycles

Bridged polycycles, such as compound 43 (Scheme 6.33), have complex
molecular skeletons. In turn, retrosynthetic approaches are not immediately
obvious. A more systematic approach, such as the one developed by the
Corey group in the 1970s, is required [128]. Key elements of this approach
are discussed with respect to compound 43 in Scheme 6.34.

OH

43

Scheme 6.33 Example of a bridged polycyclic ring system

In order to initiate the discussion, several skeletal bonds of 43 have been
arbitrarily picked in Scheme 6.34. We would like to know which of these
cuts results in the greatest retrosynthetic simplification of the target.
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HO, CHs HO, CHs HO, CHs
~ ~ R
/.

g

ngn

Scheme 6.34 Trial and error approach to identify an optimal retrosynthetic cut in a
bridged polycycle

Retrosynthetic simplification is reached by reducing the number of bridges
in the target structure. While every one of the proposed cuts achieves this
goal, some can readily be given lower priority. Cuts “a” and “b” affect en-
doendo bonds. Their cleavage generates precursor molecules with bridged
middle-sized rings, e.g., a bridged ten-membered carbocycle on cut “b.” Such
cuts are deemed unattractive, because the precursor synthesis (aside from all
the remaining bridges) is considered to be prohibitively complicated. Hence,
cuts at endoendo bonds that generate medium-sized ring precursors are re-
jected. Cuts at exendo bonds such as “c,” “d,” “f,” “g,” and “h” generate rings
with pendant side-chains, which in the cases of “c,” “d,” and “f” contain a
stereogenic center requiring further attention. These considerations can be
summarizeded by postulating that an optimal cut should:

e reduce the number of bridges;
e avoid medium-sized rings in the intermediates;
e minimize the number of pendant chains.

In order to meet these goals one should identify in the target structure the
most highly bridged ring [128]. In the case of compound 43, this is the ring
marked “i” in Scheme 6.35.

~
=~

HOWS HOG

Scheme 6.35 The most highly bridged ring in compound 43
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In the present example, every bond in this ring is an exendo bond, the
breaking of which will reduce the number of rings in the targeted struc-
ture. The bonds marked in “ii” are in addition endoendo bonds, so-called
core bonds, the cutting of which would generate a medium-sized ring. This
reduces further considerations to the remaining strategic bonds marked in
“iii” (= 1 minus ii). Of these, the cut of a “zero-atom-bridge” (bond “e” in
Scheme 6.34), leads to a simplified ring system without generating pendant
chains. The cutting of a bridge with a length of one or more atoms (“g” or
“h” in Scheme 6.34) leads to pendant chains, a result which is considered
less desirable.

In summary, first try to identify the most highly bridged ring in the target
structure. If one or more of the bonds in this ring is a core bond, it is rejected.
Of the remaining bonds in this ring, identify the exendo bonds, because these
represent strategic bonds. Only when several possibilities remain at this stage
does one check whether any of these bonds are contained in a ring with
stereogenic centers. As the formation of these rings would be accompanied
by stereochemical issues, these cuts are given a lower ranking. In the case
of 43, cut “e” (Scheme 6.34) would therefore be given priority over cuts “g”
and “h” (based on the number of pendant chains).

Example 43 given above is related to the synthesis of longifolene (44),
which in the late 1970s was a challenging target for synthesis. It should be

easy to apply the above rules to this target (Scheme 6.36).

44 44(i) A44(ii) 44(iii)

Scheme 6.36 Search for strategic bonds for a synthesis of longifolene

The most highly bridged ring is readily identified (i). After exclusion of
the core bonds, there remain the strategic bonds (ii). Of these, bond “a” as a
zero-atom-bridge should be given highest priority. A review [129] of seven
successful longifolene syntheses shows that, in three cases, the formation of
bond “a” was the key step. The analysis introduced above pertains to one-
bond disconnections. When one considers two-bond disconnections, i.e., bi-
cyclization strategies, the eye is drawn to disconnection (iii) in Scheme 6.36.
The advantages and disadvantages of this approach have been exhaustively
discussed in reference [129]. Note that on two-bond disconnection (bicy-

clization), the cut of core bonds is frequently highly advantageous!
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A bridged polycyclic target of more recent vintage is FR901483 (45),
shown in Scheme 6.37. The most highly bridged ring and the strategic bonds
are readily identified, as in 46. In order to minimize the number of pendant

chains resulting from a retrosynthetic cut, exendo bonds “a” or “c” appear to
be more favorable than bond “b.”

Ar

N N*fb
MeNH 11+ {HO—

45 OPO(OH), 46

Scheme 6.37 Search for strategic bonds for a synthesis of FR901483

It is noteworthy that five [130, 131, 132, 133, 134] out of six syntheses
of FR901483 used the formation of bond “a” as a key step to generate the
complex molecular skeleton. The only “deviating” synthesis [135] utilized a
bicyclization cascade sequence summarized in Scheme 6.38.

RO §GND

0o
NN
\,...\.) — — —
L = KR
\ | N\
Scheme 6.38 Bicyclization approach to FR901483

The bridged polycyclic target sarain (47) (Scheme 6.39) provides an even
greater challenge for synthesis. The initial approaches concentrated on in-
roads to the tricyclic core (47i) of sarain.
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47i 47ii

Sarain 47

Scheme 6.39 Search for strategic bonds for a synthesis of the sarain core

The identification of the most highly bridged ring reveals the strategic
bonds shown in 47ii. A cut at bond (d) would generate two pendant chains,
that at bond (f) an anellated 6/7-ring system. The greatest simplification is
realized by a retrosynthetic cut at bond (c), revealing an anellated 6/5-ring
system as suitable precursor. Again, in most syntheses aiming at sarain or the
sarain core, formation of bond (c) was successfully employed (Scheme 6.40).

Refs. [136, 137, 138]

Refs. [139, 140]

COOCH;

Ref. [141]

Nos _,N_ N—Cbz

OTBS

Scheme 6.40 Routes used to access the polycyclic core of sarain

Deeper insight into the possibilities for constructing bridged polycyclic
target structures can be gained by studying the syntheses of morphine [142]
and its key precursor dihydrocodeinone (48), shown in Scheme 6.41. In 48,
the rings A, E, and C are anellated, whereas rings B and D are bridged.
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OMe OMe
~G a8 I/ ¢/ ~y

Scheme 6.41 Designation of the rings and strategic bonds in dihydrocodeinone

The most highly bridged ring is B, containing the strategic bonds (a) and
(b). Bond (d) is a core bond between rings B and E. When one considers
anellating ring E at the end of the synthetic sequence, then bond (d) loses the
status of a core bond and becomes a strategic bond as well.

It is interesting to note the extent to which such considerations are re-
flected in recent syntheses of dihydrocodeinone and its congeners. It is
instructive to read and reflect upon these syntheses in the original papers.
Here, in Scheme 6.42, the course of these syntheses is abstracted in an ex-
treme manner in order to reveal the differences in retrosynthesis.

OMe

Scheme 6.42 Bond-sets of recent syntheses of dihydrocodeinone, (a) by D. A. Evans
[143], (b) by K. A. Parker [144, 145] and B. M. Trost [146] (codeine), (c) by L. E.
Overman [147, 148], and (d) by J. Mulzer [149]

Evans forms two of these strategic bonds late in his synthesis
(Scheme 6.42a). Overman forms these bonds early. The syntheses of Parker
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and that of Trost form the bridged bicyclic nucleus rather late, without us-
ing the strategic bonds identified before. This holds in particular for the
synthesis by Mulzer (Scheme 6.42d). This emphasizes a strategy for con-
structing bridged polycyclic systems that differs completely from Corey’s
approach to identifying strategic bonds. In this alternate approach, the most
highly bridged ring is made first (or early). Then, the bridging and anellated
rings are attached sequentially, as in a crocheting endeavor. This alternate
approach features prominently in syntheses of quadrone (49), which was a
popular target for synthesis in the 1980s (Scheme 6.43).

Quadrone --- core bond

= strategic bonds
according to
Corey

49 most highly cut "a" would result in
bridged ring largest simplification

Scheme 6.43 Search for strategic bonds for a synthesis of quadrone

Of the four rings in quadrone, the lactone ring is closed last in all synthe-
ses. Thus, one concentrates on the construction of the bridged tricyclic core
of quadrone. Following Corey’s analysis, the most highly substituted ring
and the strategic bonds are easily identified. A retrosynthetic cut at bond (a)
would result in the largest simplification. A cut at bond (c) would gener-
ate two pendant chains. Surprisingly, though, there is only one synthesis of
quadrone, which closes strategic bond (a) [150] (Scheme 6.44), albeit in an
impressive cascade reaction.

Scheme 6.44 Bicyclization in a synthesis of the quadrone skeleton

By contrast, most of the other syntheses of quadrone start from the most
highly bridged ring, to which the other rings are then added. These syntheses,
abstracted in Scheme 6.45, employ a broad variety of methods, as well as a
cascade bicyclization scheme illustrated in Scheme 6.46 [151].
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Ref. [157] Refs. [158, 159] Ref. [160] Ref. [161]

Scheme 6.45 Bond-sets realized in syntheses of quadrone

y&oz\o . FA;N( —
I
BnO/_\é) BnO/_\\N <<N QA‘\

Ph Ref. [151]

/
A\ Ph

Ph

Scheme 6.46 Cascade bicyclization reaction yielding the quadrone skeleton

In summary, when faced with bridged polycyclic target structure, consider
one-bond disconnections first, following the retrosynthetic analysis scheme
by Corey. This analysis focuses on the most highly bridged ring, in which the
strategic bonds are identified after exclusion of the core bonds. To plan a syn-
thesis that forms this strategic bond will be topologically most advantageous.
However, it may not necessarily be chemically feasible [162]. The alterna-
tive is to use the most highly bridged ring as a starting scaffold to which the
other rings are sequentially added. Especially when the target structure con-
tains six-membered rings, consider two-bond disconnections as well. These
allow for intramolecular Diels-Alder cycloadditions, by which critical core
bonds could be formed!

The possibilities of using two-bond disconnections (i.e., the Diels-Alder
transform) are easy to appreciate with respect to patchouli alcohol (50),
a bridged tricyclic target. It is a historically amusing compound, as its
initial (wrong) structure was “proven” by synthesis [163] (a proof that
later had to be revised)! [164] The correct structure of 50 possesses three
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bridged six-membered rings. A Diels-Alder transform can be initiated by:
“Add DB” = addition of a double bond into one of the six-membered rings.
The three possibile ways [165] to do this are illustrated in Scheme 6.47. This
then sets the stage for an ensuing two-bond disconnection, providing the pre-
cursor for an intramolecular Diels-Alder cycloaddition [165].

m— =

Scheme 6.47 Two-bond disconnection for a bicylization synthesis of patchouli alcohol

The last one of the options shown in Scheme 6.47 has been realized [166],
effecting a concise synthesis of patchouli alcohol, a highly valued fragrant
material.

The discussion in this text has presented rules by which it becomes pos-
sible to plan syntheses in a reasonable manner. This textbook approach to
retrosynthesis stands in contrast to many surprising artistic solutions to syn-
thesis problems. Such solutions may arise by imaginative incorporation of
skeletal rearrangements into the planning of syntheses [167]. This holds par-
ticularly for the synthesis of bridged polycyclic structures. Scheme 6.48 il-
lustrates some examples relating to the synthesis of the quadrone
skeleton.
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Scheme 6.48 Surprising routes to the quadrone skeleton enlisting backbone rearrange-
ment reactions

6.3 “Overbred” Intermediates

In the synthesis of polycyclic compounds, one occasionally encounters an
example in which intermediates are structurally more complex than the tar-
get to be reached. In these cases, the molecular skeleton is first “overbred,”
only to be later reduced in complexity. This seems illogical, unless one rec-
ognizes that bond cleavage in the forward synthetic direction may actually
be a productive process. For instance, a bicyclization generates two skele-
tal bonds, but if one of them is not needed in the target structure, it may be
cleaved in a subsequent step. Such removal of a “surplus” bond is exempli-
fied in Scheme 6.49 [171].

O = A

COOR COOR

Ref. [171]

Scheme 6.49 Synthesis of the quadrone skeleton via an “overbred” intermediate
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In this case, an intramolecular photocycloaddition between the phenyl
ring and the pendant double bond in 51 led to tetracyclic intermediate 52,
which has one bond in excess of what is needed for quadrone. This excess
bond is a cyclopropane bond, which may be severed in the course of a ther-
mal 1,5-hydrogen shift, to give compound 53. Model studies revealed that
it is possible to introduce into 53 the decoration needed to obtain quadrone
[171]. What should be emphasized here is that intermediate 52 is more com-
plex than the quadrone skeleton in 54. However, the ease of formation of
intermediate 52 and the subsequent structural “correction” in only a single
operation render this approach to quadrone via an overbred skeleton highly
attractive. Scheme 6.50 provides a further example from studies aimed at
quadrone [172, 173].

O O
Y/
Cu** Mej3Sil |
[EE— .

V Refs. [172, 173]

Scheme 6.50 Synthesis of quadrone via an intermediate with an “overbred” skeleton

Planning reaction schemes which incorporate overbred molecular skele-
tons looks like an exotic undertaking. To do this, one needs a good knowledge
of C-C bond breaking reactions [167, 174], which could be introduced ret-
rosynthetically as an “add bond” operation. “Add bond” is used in the ret-
rosynthesis of anellated and spirocyclic targets (Scheme 6.51).

Ch. 25 G, — O,
Co = Qo — C\f)

N2
Scheme 6.51 Add bond strategy for syntheses of bicycles via an overbred skeleton
The forward execution of reaction sequences in which two bonds are

made, and then one of them is cleaved in the next step, is well established
(Scheme 6.52) [175].
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Li/NH3

—
o H*/MeOH
—

MeO

Scheme 6.52 Routes to anellated cycles and spirocycles via an “overbred” skeleton

Approaches via an overbred skeleton turn out to be very versatile for ac-
cessing seven- or eight-membered ring systems. Examples for both are given
in Scheme 6.53. The rapid access to compound 55 realized in this manner al-
lows a short route to longifolene (44).

o) OH
L@ add Bond
— :.'>
44 55 e LPT@

retroaldol
Ref. [176]

(1=

Ref. [177]

Scheme 6.53 Access to anellated seven- and eight-membered rings via intermediates
with an overbred skeleton

There is a peculiarity in the examples in Scheme 6.53. The bond that
is cleaved in reversal of the “add bond” operation is not the one that was
made in the preceding bicyclization. Rather, it is one which has been in-
tentionally introduced with one of the partners of the bicyclization. For the
generation of eight-membered rings via an overbred skeleton, not only do
bicyclo[4.2.0]octane systems serve well (Scheme 6.53), but so too do bicy-
clo[3.3.0]octane systems, i.e., anellated 5/5-ring systems (Scheme 6.54).
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Scheme 6.54 Synthesis of an anellated eight-membered ring by cleavage of a 5/5 ring
system

Targets possessing two adjacent cis positioned side chains on a ring lend
themselves to strategies involving an overbred skeleton. Once you connect
these side chains retrosynthetically by “add bond” (equivalent to “reconnect”
in this case) to create another ring, you have an intermediate which could
arise by cycloaddition to the original ring (Scheme 6.55). Even two neigh-
boring methyl substituents on a ring might be generated using this protocol
[179].

o) OH  Rooc~/OR
ROOC ROOC +
add Bond Ref. [180]
\_/
*__“ oy
Retroaldol

COOR COOR <>—COOR
add Bond

+

N — — i Ref. [181]

>~
~ v

Scheme 6.55 Synthesis of cis-1,2-disubstituted rings via intermediates with an overbred
skeleton

A reaction sequence involving an overbred skeleton becomes a prime
choice when tackling a spirocyclic system with a stereochemically defined
arrangement of substituents. Examples are given in Scheme 6.56.
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Scheme 6.56 Synthesis of spirocyclic compounds via intermediates with an overbred
skeleton

In the examples in Scheme 6.56, the substituent on the five-membered
ring and the carbonyl group in the six-membered ring are in a cis disposi-
tion. Similar structures with a trans arrangement of such groups may also be
obtained by an “add bond” strategy, as in the nucleophilic ring opening of
the tricyclic cyclopropane shown in Scheme 6.57.

0]

Ref. [184]
add Bond

—
~__“ RO

R Nucleophilic ring opening

Scheme 6.57 Synthesis of spirocyclic compounds with a defined substituent pattern via
intermediates with an overbred skeleton

Problems

6.1 1,5-Diaza-cis-decalin, the bicyclic analogue of tetramethyl-ethylenedia-
mine, shown in Scheme 6.58, is an interesting (chiral) ligand [185, 186]. Is
there a problem with the possible bicyclization approach shown?
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Scheme 6.58 Reductive amination in a bicyclization approach to 1,5-diaza-cis-decalin

For another synthesis of 1,5-diaza-cis-decalin, consider anellation ap-
proaches starting, e.g., from lysine.

In the end, a completely different solution [185, 186], which underscores
one of the guidelines made for the synthesis of six-membered (carbo)cycles,
turns out to be more viable.

6.2 Devise a retrosynthesis for the anellated tricycle shown in Scheme 6.59.

Scheme 6.59 Anellated tricycle

6.3 To conclude the discussion about planning syntheses of polycyclic target
molecules, we may consider a rather simple symmetrical tricycle,
tricyclo[3.3.1.1>%]decane, called twistane [187] (Scheme 6.60). As a con-
sequence of its structural symmetry, twistane has only four different types
of skeletal bonds. Can you identify them? Can you identify the most highly
bridged ring?

Scheme 6.60 Tricyclo[3.3.1.12*6]decane (twistane)

Which of the bonds in this ring marked as strategic would be optimal for
a one-bond disconnection approach? Suggest a reaction scheme that would
generate twistane according to that bond-set.

Consider a two-bond disconnection approach for twistane. What problem
will you run into?
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Apply the “add bond” strategy to twistane (add a bond between two CHj-
units). Which of the linkages possible in this manner appears to be most
advantageous? Suggest a reaction scheme following this bond-set. What kind
of regioselectivity problem would have to be solved?
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Chapter 7
Protecting Groups

Abstract Use of protecting groups documents our inability to do synthesis properly
(in contrast to biosynthesis). The disadvantages that go along with the use of pro-
tecting groups can be minimized by a proper choice of short-term, medium-term, and
long-term protecting groups, when in situ protection schemes and the use of latent
functionality is not available.

During the synthesis of a complex target, synthetic organic chemists have
grown accustomed to using protecting groups in order to shield particular
functional groups from the threat of reagents and reaction conditions nec-
essary for elaboration elsewhere in the molecule. In recent decades a whole
arsenal of protecting groups for all conceivable functional groups has been
developed [1, 2]. Scheme 7.1 illustrates the protecting group pattern of the

1=Me
2=COCHj,4
3=Si(Me),tBu
4=CH,CgH,OMe
5=COCgHs
6=Me

7 =acetonide

8= (CO)OCH,CH,SiMey

Ref. [3]

Scheme 7.1 Protecting group pattern in the final phase of the synthesis of palytoxin
carboxylic acid

R.W. Hoffmann, Elements of Synthesis Planning, 119
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epochal synthesis of palytoxin carboxylic acid [3], an enterprise that in-
volved eight different types of protecting groups (42 in all). Each of these
had to be introduced individually, and the whole flock had to be removed at
the very end of the synthesis in five separate steps.

The universal (and frequently promiscuous) use of protecting groups is a
telltale sign that chemists are not (yet) in a position to do synthesis right! Pro-
tecting groups normally require two operations (introduction and removal)—
which, strictly speaking, are counterproductive, since they reduce the overall
efficiency of the synthesis. While nature generates the most complex natural
products without recourse to protecting groups, a protecting group free syn-
thesis [4, 5, 6, 7] of even small multifunctional molecules, such as Fleet’s
synthesis of muscarine [8], cf. also [9] (Scheme 7.2), appears exceptional for
most chemists.

OH OH
HO OH HO 0SO,Me
HO,, OH Br, HO,, OH MeSO,Cl
Baco, o Ty
., BaCO3 Ho! A Yy A
0~ "oH 0" o e oo
HO 75 % HO 58 %
0SO,Me 0S0,Me HQ,
TFAA Ht _ H, LiBH;  NaOAc <
—_— — —_— —_—
EtN  MeOH 4 o Pd 4 o A~ O
RO RO RO
HO 79 % HO 76 % 68 %
HQ
ToISO,Cl  MegN / +
P—» E— Ho-2 A NMeg
v & HO'H Ref. [8]

52 %

Scheme 7.2 Protecting group free synthesis of muscarine

Given the present state of synthetic methodology, the choice of protecting
groups is a central issue in synthesis planning. It cannot be overstated that
a single protecting group being too reactive or too unreactive may cause the
failure of the whole synthetic endeavor, as happened with efforts from our
own group [10, 11].

If extra steps for the introduction of protecting groups cannot gener-
ally be avoided, one can at least try to reduce the number of steps re-
quired to remove those protecting groups at the end. This can be attained
by choosing protecting groups which are convergent, i.e., removable simul-
taneously in a single operation, as illustrated by the example in Scheme
7.3 [12].
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0

47 % HF

W (—)'CaIyCU“n A

Ref. [12]
TES = Et3Si; TBS = tBuMe,Si

Scheme 7.3 Convergent pattern of protecting groups that can be removed in a single
operation

Choosing protecting groups is a step that comes late in planning a synthe-
sis, because it calls for detailed knowledge about the reaction steps and the
conditions to be attempted in the synthetic sequence (including that of alter-
nate routes!). Yet not all functional groups and attendant protecting groups
have to endure all reaction steps. The earlier (or later) a protecting group
is introduced in a synthetic sequence, the larger (or smaller) is the number
of steps it has to go through unharmed. Accordingly, in planning protecting
group patterns, one identifies:

e [ong-term protecting groups, which will be removed only at the end of the
synthesis;

e intermediate-term protecting groups, which will be removed after a few
steps;

e short-term protecting groups, which protect functionality for at most one
or two steps.

The relationship between a short-term protecting group and a long-term
protecting group is like that between a bandage and a cast. As long-term pro-
tecting groups have to endure the largest variety of reaction conditions, their
removal requires special conditions, i.e., those that do not occur during nor-
mal synthetic operation. For this reason, silyl groups are frequently chosen
as long-term protecting groups, removed at the end of the synthetic sequence

by exposure to fluoride ions. See Scheme 7.4 for examples.
H

7 Ph. Ph : _ N
ESLO/R ESi\O/R Me38|\/\o/ﬂ MesSl\/\SOg R

Scheme 7.4 Examples of long-term protecting groups
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When synthetic sequences do not involve catalytic hydrogenation reac-
tions or dissolving metal reductions, benzyl or p-methoxybenzyl groups
can also be used as long-term protecting groups. Ideal long-term protecting
groups in fact have to meet contradicting demands. They should be stable
under the largest variety of reaction conditions, yet they should be removed
under mild conditions at the end of the synthesis sequence when the released
product may be highly sensitive. A similar situation exists regarding link-
ers in solid-phase organic synthesis. As this was met by the development
of “safety-catch” linkers [13], i.e., linkers that required an extra labilization
step before cleavage, related extreme long-term protecting groups have been
developed, which require an extra activation step that renders them labile for
the actual deprotection procedure [14, 15, 16, 17]. An example for such a
carboxyl protecting group is given in Scheme 7.5.

(0] (0]
coon N Chioroanil  R—“N"Y,  LIOH/H,0
R™ ; (activation) I R’COOH
(protection) (cleavage)

Scheme 7.5 Protecting group that has to be activated prior to removal

Intermediate-term and short-term protecting groups must be carefully
chosen in order to guarantee the protection of the sensitive functionality
for the intended number of steps, yet must also be removable under condi-
tions that do not affect existing long-term protecting groups. Two protecting
groups that may be introduced and removed independently of one another
are said to be orthogonal. In Scheme 7.6, for example, the p-methoxybenzyl

(+)-discodermolide

Ho//,.

Ref. [18]

Scheme 7.6 Orthogonal protecting groups during a synthesis of discodermolide
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group (PMB) is selectively cleaved in the presence of the long-term silyl
protecting groups [18].

In this example, the carbamate functionality had been short-term pro-
tected as the trichloroacetate, which allows for convergent removal together
with the long-term silyl protecting groups. One notes that the trichloroacetyl
group had been brought in as part of the reagent trichloroacetyl isocyanate.
The introduction of the protecting group, hence, did not require an extra step,
nor did its later removal. In order to reduce the number of steps associated
with protecting group management, it is useful to introduce the protecting
group as part of a required reagent.

The number of available protecting groups differs for the various func-
tional groups. There are many protecting groups for alcohols, but many less
so for ketones [1]. This induces chemists to carry an ultimate ketone func-
tion through the synthetic sequence as a protected alcohol. At one stage
or another the protected alcohol has to be deprotected and oxidized to a
ketone. Rather than having two separate steps to achieve this, it is ad-
vantageous to use a protecting group that on deprotection effects simul-
taneous oxidation of the alcohol [19, 20]. An application is illustrated in
Scheme 7.7 [21].

Ho D ol B oTiPs

[ o
(o] MeO

k CgHis
(o] HO
'\,
02 H OTiPS

BusSnH 0

AIBN,

benzene, Rf Meo CgHys

HO

Scheme 7.7 Deprotection and simultaneous oxidation of an alcohol via a free radical
1,5-hydrogen shift.

In this case a free radical chain reaction is used, in which the tin radi-
cal abstracts the bromine atom. The resulting phenyl radical induces a 1,5-
hydrogen shift. The resulting radical fragments, producing the ketone and
a benzyl radical that carries the chain. The reaction sequence is remarkable
because no free alcohol is generated as an intermediate, which in certain
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instances would be incompatible with other functionalities in the molecule.
Thus, the ortho-bromo-benzyl ether serves as a direct latent ketone function.

Rather than introducing a functional group first and protecting it in a sub-
sequent step, it is better to introduce the functional group initially in a latent
(already protected) form [22, 23]. The example in Scheme 7.8 illustrates how
a furan ring serves as a latent ester group to be unveiled later in the synthetic
sequence [24]. Likewise an oxazole ring serves in an excellent manner as a
latent carboxyl function [25, 26].

OMe OBn 1)0 O  OMe OBn
steps - 2) CHzNz H
OMOM ” MeoWOMOM

Ph

Il\\l 15 steps I 1o2
1R

o OH

Scheme 7.8 A furan or an oxazole residue are synthetic equivalents of an ester function;
they serve as a latent ester group

A carbon-bound dimethylphenylsilyl group is inert to most reaction con-
ditions. This makes it an ideal profunctionality for a hydroxyl group [27],
i.e., a latent hydroxyl group [28, 29] (Scheme 7.9).

0 0™ 0™

s 0 0

steps o . HBF,  KF o
? '\\\Sl MeEPh H202 g .‘\\OH
SiMe,Ph 0 N\ & N\
2/ ) steps HBF,  KkF
B — —_—
N mcpba
e} o]

Scheme 7.9 A dimethylphenylsilyl group as a latent hydroxy function
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Methoxyphenyl groups [30] and 2-alkylpyridines [31] may be carried un-
harmed through long sequences of steps. At the end, their capacity as a latent
cyclohexenone unit may be unveiled (Scheme 7.10).

COOH 23 steps L H
NH3/EtOH
MeO
Na H*
)\/j\/ 4 steps NHy/EtOH

O

Scheme 7.10 Methoxyphenyl group, respectively, o-picolyl group as a latent cyclo-
hexenone unit

A methoxyphenyl residue has also been utilized as a latent 3-ketoester in
the course of a synthetic sequence [32] (Scheme 7.11).

TIPS

/
O o (@)
MeO MeO OMe
IS C
/TIPS
Li o O O OH O OH O O
3
NH5/tBuOH MeO OMe

Scheme 7.11 Methoxyphenyl group as latent -ketoester

Use of the methoxyphenyl group as a latent B-ketoester represents the
combined protection of two functional groups (ketone and ester) in a sin-
gle moiety. It is very common to combine the protection of neighboring al-
cohol functions as benzylidene acetal, as an acetonide, or as a siladioxane
(Scheme 7.12). Of these, the benzylidene acetals are most versatile, as they
allow the selective deprotection of either the sterically more encumbered or
less encumbered hydroxyl function [1, 2].
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Scheme 7.12 Combined protection of two neighboring alcohol functions

The combined protection of two or more functional groups and the re-
course to latent functionality are hallmarks of carefully planned syntheses.
Consider the example in Scheme 7.13, which illustrates a key feature of the
synthesis of FK506 by the Ireland group [33]. Only a partial structure of
FK506 is shown. This unit, 56, is the latent counterpart of the hydroxyl-,
keto-, and alkene-functions present in 57. The entity 56 was created early in
the synthesis and carried through several steps until the desired functionality
57 was unveiled near the end of the synthesis.

O><O L-selectride ><

o 0 H
@) b 0 CeK ) 0
R ‘ PhaP R/'\/EJ\ Rw
R\ 3 K 8
R (6] R' v | N

56 imidazole 57 R

Scheme 7.13 Combined protection of a group of functionalities during a synthesis of
FK506

The use of short-term protecting groups during a synthesis is as annoying
as paying a 24-hour parking fee when one just wants to drink a cup of coffee.
The effort associated with the introduction and removal of a short-term pro-
tecting group may be reduced when one manages to introduce and remove
the protecting group in situ, i.e., without the isolation of any intermediates.
The technique of in situ protection has been developed best for the protec-
tion of aldehyde groups in the presence of keto functionality. To this end, a
metal amide is added to the (more reactive) aldehyde function. The resulting
adduct is not susceptible to nucleophilic attack. One carries out the desired
transformation on the keto group, and upon aqueous workup the aldehyde
group is liberated (Scheme 7.14).
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o o]
R,NMet
M~ ~0 R"MgX
R Z RJVWOMH 9
NR5
OMgX OH
H,O
RMOMet 2 R/)\/WO
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Met = Li, Ref. [34]; Me,Al, Ref. [35]; (R',N)Ti, Ref. [36]

Scheme 7.14 In situ protection of an aldehyde function by addition of a metal amide

It remains to develop effective in situ protection tactics for other func-
tional groups as well.

The principle of in situ protection is that the more reactive of two similar
functional groups is (temporarily) transformed into a less reactive or unre-
active moiety. However, the situation is much more complex if one wants
to protect the less reactive of two functionalities. Usually one resorts to a
(highly unsatisfactory) multistep protecting group dance [37] (Scheme 7.15).

the dance
o}

P

N
HO OH HO X o)J\o/\cm3
PhCOO N0 N0 ccl, x

PhCOO
the reaction
/

Ph
/Oiﬂ /_Ph
PhCOO ﬁ KOH
3 \ « Ph
deprotection H.0 HO p—Ph
i

o)

OH

Ref. [37]

Scheme 7.15 Protecting group dance in order to protect the less reactive of two similar
functional groups
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In the case shown in Scheme 7.15, there are four protecting group man-
agement steps required to effect just two steps on the main line of synthesis.
These are situations you want to avoid through careful planning of the syn-
thesis. Along theses lines, one tends to question the necessity of the sequence
of protecting group operations depicted in Scheme 7.16 [38].

PPTS I TBSCI

| TBAF
—

HO Ref. [38]

N
HO" & 55%

Scheme 7.16 Protecting group dance on shifting the protection between two pairs of
hydroxyl groups

In summary, during synthesis planning considerations regarding protect-
ing groups commence at a late stage, when one has a clear notion of the
functional groups involved and the nature of the intended transformations.
One then evaluates which functional groups will require protection and for
which of the steps. First, the long-term protecting groups are chosen so
that they remain viable even when one has to resort to alternative synthesis
routes. The long-term protecting groups should be convergent so that they
may be removed in a single operation. Next, one considers intermediate-
term protecting groups, which must be orthogonal to the long-term protect-
ing groups. Intermediate-term protecting groups should be avoided, if at all
possible, using latent functionality instead. Likewise short-term protecting
groups should be avoided, if at all possible, by replacing them with in situ
protecting schemes.

In order to minimize the number of steps for protecting group manage-
ment, check whether a different order of carrying out the construction steps
could render some of the protecting groups unneccessary [39]. Check the
possibility of combining several protecting groups into one! Make sure that
the protecting group strategy does not contain any compromises or question
marks. Nothing is more frustrating than to see a synthesis effort fail just be-
cause the protecting group pattern was inadequate [11, 40].
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Problems

7.1 Suggest a protective group scheme (PG1-PG3) which is compatible with
the following transformations [41]:

PG10 PG10
PG10 L _OH " PG10 \_OTf
B lutidine B
h© HOh
OPG3 PG1IO PG2 OPG3
A0 o
o © PG10 © ”
Li” ~SO,Tol 07z SO,Tol -PG2
HH
PG10 OPG3 PG19 oH
B H O IS
O NaBH, -
— ——  PGIO
PG10 1 o0z 0 _PG3 H (o) = OH
I vpa2 ! PE1%u 1 O" OPG3
SNE Py-80g
PG10 SO
A DM
H o OPG2 02T0|

Sm]2 M93S|CHN2 PPTS
BF; OEt,

-PG3

MeyN +ACO3B H™

OH

Scheme 7.17 Elaboration of a protecting group scheme
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7.2 Try to rationalize the following protecting group regime of a narciclasine
synthesis [42]:

dioxygenase OH H* MeOOC-NHOH
” NalO,
Br Br OH

ArB(OH),

Br  toluene- Br

OMe
><OMe

(MeSi)sSiH

Pd(0) AIBN

PhCOOH

BU3P
DEAD

Tf,0

—_—
DMAP <O O
o NH o]

MeO O OH O

Scheme 7.18 A well-planned protecting group scheme
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Chapter 8
Ranking of Synthesis Plans

Abstract Hendrickson’s definition of the “ideal synthesis” serves as a benchmark to
assess synthesis plans. Criteria such as convergency, increase in complexity, and ro-
bustness are presented to rank synthesis plans and to pinpoint weaknesses therein.

Any ranking of plans for the synthesis of a given target compound depends
on benchmarks which must be defined. Possible criteria may be

the shortest route (time involved),

the cheapest route (cost of materials),

the novelty of the route (patentability),

the greenest route (avoidance of problematic waste),

the healthiest route (avoidance of toxic intermediates and side products),
the most reliable route (lowest risk approach).

Aside from these external criteria, ranking of synthesis proposals could
also follow systematic criteria, e.g., the step count. A synthesis that reaches
the target in fewer steps than another one is considered superior. Every syn-
thesis consists of obligatory steps, i.e., those by which the skeleton is made.
When focusing on this aspect, the bond-set would give a lower limit to the
number of steps involved in a projected synthesis, because any refunction-
alization steps and protecting group management steps count in addition
to the skeleton forming steps. Because of this, the bond-set does not re-
veal too much about a step count and the quality of a projected synthesis.
For instance, the differences between the bond-sets of Woodward’s [1] and
Muxfeldt’s [2] tetracycline syntheses are minimal (Scheme 8.1). Comparison
of the bond-sets does not reveal that in Muxfeldt’s synthesis three bonds are
formed in one operation rendering this synthesis significantly shorter—22
steps in Woodward’s synthesis versus 17 in Muxfeldt’s.

R.W. Hoffmann, Elements of Synthesis Planning, 133
DOI 10.1007/978-3-540-79220-8_8, © Springer-Verlag Berlin Heidelberg 2009
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Scheme 8.1 Bond-sets of Woodward’s and Muxfeld’s syntheses of tetracycline

A comparison of the number of bonds in the bond-set with the total step
count reveals that refunctionalization operations constitute the lion’s share of
the steps. When the step count is considered as a decisive criterion to judge
the quality of a synthesis, then it becomes time to discuss some comments
regarding the “ideal synthesis” (Scheme 8.2).

An “ideal synthesis” has been postulated by Turner [3] and by Wender
[4, 5] as a one-pot reaction in which all starting materials are mixed, leading
directly to the final product.

ENVIRONMENTALLY
ACCEPTABLE Refs. [4, ]

RESOURCE
EFFICIENT

AVAILABLE
MATERIALS

The
Ideal
Synthesis

e

SAFE ONE STEP

|SIMPLE| | 100 % YIELD |

Scheme 8.2 Wender’s comments regarding an ideal synthesis

“An ideal synthesis is generally regarded as one in which the target
molecule is prepared from readily available, inexpensive starting materials
in one simple, safe, environmentally acceptable, and resource-efficient oper-
ation that proceeds quickly and in quantitative yield.”

Given the present imperfection of one-pot syntheses [6], this definition of
the “ideal synthesis” is utopian, at least for in vitro chemical synthesis. One
has to admit, though, that the in vivo biosynthesis of natural products in a
living cell by and large fulfills the criterion of a so-defined ideal synthesis.

I would prefer a more realistic definition of the ideal synthesis, one from
which guidelines for the planning of syntheses can be derived. This is the
definition by Hendrickson [7]:
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“Ideal Synthesis: The ideal synthesis creates a complex molecule ... in
a sequence of only construction reactions involving no intermediary refunc-
tionalizations, leading directly to the target, not only its skeleton but also its
correctly placed functionality.”

The reasoning of Hendrickson [7] is that only the skeletal bond-forming
steps are obligatory in a synthesis. The superfluous refunctionalization steps
could be dispensed with, once one succeeds at generating in the skeletal
bond-forming reactions exactly that functionality which is present in the
target or which is required to carry out the next skeletal bond-forming re-
action. According to this reasoning, a numerical benchmark for the qual-
ity of a synthesis could be the ratio of the skeletal bond-forming reaction
steps to that of the refunctionalization steps. For the tetracycline syntheses
shown in Scheme 8.1, the ratios come out to be 6/16 = 0.37 (Woodward)
and 5/12 = 0.41 (Muxfeldt). There are indeed syntheses reaching much
higher numerical values for this ratio, e.g., 2.5 for Rawal’s synthesis of geis-
soschicine [8] (Scheme 8.3).

1)Cl\"/l\/ A

Grubbs-cat

1N aqg. HCI
—_—

rac-Geissoschizin

Rawal [8]

Scheme 8.3 Predominately skeleton bond-forming reactions in the geissoschicine
synthesis by Rawal

A synthesis does not necessarily become good simply because it contains
many skeletal bond-forming steps. This can be seen from an inspection of
the setoclavine synthesis (ratio 1.67) [9] shown in Scheme 8.4.



136 8 Ranking of Synthesis Plans
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Scheme 8.4 Predominately skeletal bond-forming reactions in setoclavine synthesis

The bond set of this setoclavine synthesis (58, Scheme 8.5) reveals that it
is a piecemeal approach combining a multitude of small pieces
(often Cy).

strychnine

Scheme 8.5 Bond-set of the setoclavine synthesis in Scheme 8.4

At this point one could reach the nearly trivial conclusion that a synthe-
sis is better, the shorter it is (the least number of bonds in the bond-set); the
fewer the number of refunctionalization steps involved (oxidations, reduc-
tions); the fewer the number of protecting group steps; and the more it relies
on reactions that form two or more skeletal bonds at a time. This accounts
for the significant attention that is presently being given to tandem reactions
[10] and reaction cascades.

It is a cardinal principle of synthesis that it evolves from simple start-
ing materials at the beginning to a complex structure in the end. During a
synthesis sequence the complexity of the intermediates increases in a dis-
continuous manner. The increase in complexity—more precisely, how rapid
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it is and at which point of the synthetic sequence it occurs—forms another
important criterion to rank syntheses. The complexity of a target structure
or of an intermediate is not, however, defined in a generally accepted man-
ner. One could subscribe to the statement by Robinson [11] that strychnine
(Scheme 8.5) is the most complex molecule known in relation to its size.
When chemists speak of the complexity of a compound, they not only im-
ply a complexity inherent in the structure, being topologically defined by the
network of bonds. They also think about the difficulties of a synthesis, which
may be a consequence of a lack of appropriate methods for synthesis [12].
Accordingly, adamantane (Scheme 8.6) was for a long time considered a
rather complex target molecule. However, after a surprisingly simple synthe-
sis of adamantane was realized by Schleyer [13], adamantane lost that status
and is now a readily available commodity [14, 15]. Planning the synthesis
of a compound like adamantane by a thermodynamics-driven equilibration
process requires, however, completely different rules of synthesis planning
than those presented in this text.

/ H2 A|C|3 or
R ——
cat CF3SO3H/SbFs adamantane

Scheme 8.6 Thermodynamics-driven formation of adamantane

How is the complexity of a structure related to synthesis planning? One
should start with the following truism: reactions with simple molecules pro-
ceed readily and in high yields. Complex molecules are frequently “touch-
ier” and tend to form side products even in simple looking transformations.
While this is certainly not a natural law, most chemists would attribute con-
siderable truth to this statement. The consequence for planning a synthesis
is this: keep the number of steps low, once your intermediates have become
increasingly complex. A rapid increase in complexity early in a synthesis
sequence frequently faces low yields in the (many) operations that follow.
Sequences involving overbred molecular skeletons, i.e., those with a com-
plexity higher than the following intermediates or the target structure, can be
justified only when they allow a substantial reduction in the overall number
of steps. Based on the above considerations, a late (exponential) increase of
complexity in a synthesis sequence is most desirable. A most striking exam-
ple is given in Scheme 8.7.
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1) MeNH,
2) AcOH, 80°C

HN

C. H. Heathcock [16]

Scheme 8.7 Rapid increase in complexity by a pentacyclization reaction

For analyses of synthesis sequences it will be of interest to quantify the
complexity of both intermediates and final products. To this end, complex-
ity indices have been developed which are based either on the topologi-
cal complexity of the structures alone [12], or which, in addition, regard
qualitatively the anticipated difficulties in a synthesis (intricacy indices)
[17]. For a comparison of syntheses it is instructive to plot the “complex-
ity” of the intermediates against the steps in the sequence. This results in
plots such as the one shown in Scheme 8.8. A more detailed analysis may
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Scheme 8.8 Complexity trendlines of the intermediates in several (hypothetical)
synthetic sequences for a given target
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incorporate the structural similarity between the intermediates and the target
[18] as well.

The charts arrived at in this manner have been analyzed by Bertz [19] in
a paper strongly recommended for careful reading [cf. also 17]. Bertz adds
the complexities of all intermediates along a synthesis to give the overall
complexity. One is not surprised to find that the higher the overall complex-
ity, the lower is the overall yield! This mirrors common experience. Again,
the bottom-line is: avoid refunctionalization steps once the complexity of the
intermediates has become high.

Of the synthetic sequences depicted as complexity trendlines in Scheme
8.8, sequence (3) appears to be the most attractive one, as it features a low
overall complexity with a late-stage, rapid increase in complexity. In se-
quence (2), the complexity rises much too quickly—affording high overall
complexity. Finally, sequence (1) features intermediates with complexity ex-
ceeding that of the target; hence, it should be given the lowest rank. Such an
analysis allows one to pinpoint deficiencies in synthetic sequences, and to
determine at which point in a synthetic sequence improvements would be of
the greatest consequence [17].

Such reasoning will favor syntheses that feature an exponential (= late)
increase in complexity [20]. This can be influenced by the order in which
the individual bonds in a bond-set are constructed. Here, the terms “linear”
or “convergent” or “partially convergent” come into play. These terms were
coined by Velluz as a consequence of his search for an optimal assembly
of the steroid skeleton [21]. Convergent syntheses will afford a much better
material balance than linear sequences, as soon as the yields in the individual
steps fall below being quantitative. This point is illustrated in Schemes 8.9
and 8.10 for the coupling of eight building blocks (A through H) to yield a fi-
nal target ABCDEFGH assuming an average yield of 80% for each coupling
step.

4.77 mole
A 3.81 mole

> AB 3.05 mole
B ABC 2.44 mole

4.77 mole © ABCD  1.95mole
3.81 mole D
3.05 mole E ABCDE 1.56 mole
.05 mole
2.44 moIeF > ABCDEF 1.25 mole
> ABCDEFG
1.95 mole G
> ABCDEFGH
1.56 mole H
1 mole
1.25 mole

Scheme 8.9 Input of material for a linear synthesis with 80% average yield per step
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If each and every coupling reaction proceeded quantitatively, only one
mole of each of the starting materials would be needed to generate one mole
of the target compound. If the yields for the coupling steps fall to about
80%, one is forced into a battle of materials: a total of 24 moles (instead of
eight!) of starting materials is required to generate just one mole of the target
compound. This means that 16 out of 24 moles (= to 2/3) of the material
is lost in the form of side products or other losses—that is, waste that must
be handled. Likewise, use of auxiliary reagents, neutralizing agents, and so
forth is equally uneconomical.

In a fully convergent synthesis the situation is not perfect either, yet much
more favorable (Scheme 8.10).

1.95 mole
A 1.56 mole
AB
B
1.95 mole 1.25 mole
ABCD
1.95 mole

¢}
> cD
D 1.56 mole
1.95 mole ABCDEFGH

1 mole
1.95 mole

E 1.56 mole
EF

1.95 mole
EFGH

1.95 mole 1.25 mole

G
> GH
H 1.56 mole
1.95 mole

Scheme 8.10 Input of material for convergent synthesis with 80% average yield per step

In this case as well, one still needs a total of (8 x 1.95) = 15.6 moles
of starting materials to generate one mole of the target structure. The losses
amount to (15.6 — 8.0) = 7.6 moles of building blocks, or almost half of
the input materials. While remaining unsatisfactory, the ratio of output to
input is much better in a convergent than in a linear synthesis. The more the
average yields for the coupling steps approach the 100% limit, the smaller
the difference gets between a linear and a convergent synthesis.
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In this context the differences in “total yield” are frequently mentioned.
“Total yield” refers to the yield of the final product ABCDEFGH calculated
on the input of the initial first building block A. In a linear synthesis with av-
erage yields of 80% per step, the total yield for seven steps would amount to
0.87 =21%. Since, in the hypothetical convergent synthesis, building block A
would be carried through only three construction steps, the total yield would
amount to 0.8% = 51%. Total yield is not a valid measure of the quality of a
synthesis, because it measures the utilization of only the first building block,
A. Utilization of a building block introduced later into the sequence will be
higher (the yield based on that building block) as it is subjected to fewer
overall yield-decreasing steps [22]. This is the basis for the advice to intro-
duce “expensive” or otherwise “elaborate” building blocks as late as possible
in a synthesis sequence!

Because of its historic importance for the development of the convergency
principle, we summarize in Scheme 8.11 the estrone synthesis by Velluz
[23].

-
FONARE- ARG

O MgX

I l¢ I l

Ro;fi%b 5 b

[o)

HOOC OH ~ FE

l 4 steps

o 5P

I on

%
I

Scheme 8.11 Overview of the estrone synthesis by Velluz (left, including functional
groups; right, only molecular skeleton)
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In the left half of Scheme 8.11 the full sequence of the estrone synthesis is
given. In the right half merely the construction plan (i.e., the skeletal atoms
and connectivities) [22, 24] is shown, highlighting the (partial) convergency
[25].

In summary, a good synthesis plan should be convergent, equivalent to
a late-stage increase in complexity. The skeletal bond-forming steps should
dominate in the step count. This means that refunctionalization steps and
protecting group operations should be minimal, if they cannot be avoided
entirely. In order to help meet these goals, consider the use of latent func-
tionality.

Plans are subject to adverse events that may culminate in failure. This
leads to the question: How robust is the plan to begin with? [26] One should
check which and how many alternatives are available for each of the steps
in a synthesis, in case the originally chosen variant cannot be employed.
A robust synthesis plan will have at least one alternative for each step. Al-
ternatives may include a change in the order in which bond-formations or
refunctionalizations are to be carried out, or a longer sequence to reach a key
intermediate. A plan that relies on a specific key step, which can be realized
in only one conceivable manner, is a risky undertaking. One should eval-
uate how much of a synthesis tree falls apart when one specific step fails.
What will be the consequence if, for instance, a six-membered ring cannot
be accessed by a Diels-Alder cycloaddition as planned, and recourse has to
be made to a Robinson-annulation? Which of the precursor molecules can
still be used? Or does one have to begin again from a different set of starting
materials? Which part of the protecting group scheme can be retained, once
one is forced into an alternate route?

Few syntheses will reach the target in a manner that was originally
planned (for example, see reference [27]). Modification of synthesis plans
is called for every day. Hence, reasonable attention must be given to the ro-
bustness of the original plan. Stick to the principal advice [28]: get the most
done in the fewest steps and with the highest yield.

Problems

8.1 Try to compare and evaluate the following two syntheses of camp-
tothecin [29, 30]. Comment on the ratio of skeleton-building to refunctional-
ization steps, the increase in complexity, the degree of convergency, and the
robustness of the synthesis plan.
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Chapter 9
Computer-Aided Synthesis Planning

Abstract Computational approaches exist to support synthesis planning. Knowledge-
based programs utilize databases of known reactions, whereas logic-based programs
analyze the topology of the target structure to suggest optimal—not necessarily
precedented—synthesis routes.

Callystatin A (Scheme 9.1) serves as an example of a target molecule of
moderate complexity. It has 28 skeletal bonds and five bonds between the
backbone and heteroatoms. The number of possible bond-sets and construc-
tion sets is so large, that it is impossible for a single chemist to generate and
rank them all.

Scheme 9.1 Structure of callystatin A

When a chemist has arrived at ten projected synthesis plans for a molecule
of this size, and when one plan by and large meets the criteria set by the
chemist, he or she will no longer be willing to invest more time in planning.
One must accept that several plans may have been overlooked that would
have been significantly superior. A systematic search of the possibilities re-
mains undone simply because of the size of the problem. However, the sys-
tematic processing of large amounts of information is within the domain of
computers; this prompted an analysis of the pros and cons of computer-aided
synthesis planning [1, 2].

Historically, this analysis set the stage for systematizing the intellectual
aspects of synthesis planning and for uncovering any logical pattern by
which the process of synthesis planning might be described. This in turn
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led [3] to Corey’s Logic of Chemical Synthesis [4] which earned him the
Nobel Prize in 1990. In preparation for computer-aided synthesis planning,
three tasks had to be mastered:

(i) the mapping of chemical structures in a computer-readable manner,
(i1) the mapping of chemical reactions in a computer-readable manner, and
(iii) the establishment of criteria for ordering and ranking synthesis plans in
a computer-readable manner

Once tasks (i) and (ii) had been accomplished, a computer would be able
to retrosynthetically disconnect a target structure and list all theoretically
possible routes to construct the target. An astronomically high number of
synthesis trees was generated. At this stage it became essential to limit these
to only the most meaningful solutions. This pruning of the syntheses trees
could be done in an interactive fashion. In this case it is the chemist who
would make (consequential) wrong decisions. Alternatively, one could leave
this task to the computer, which sorts the possibilities according to point (iii)
above. The computer then presents the results starting with the proposals that
earned the highest scores. This seems acceptable, once you are confident
enough that the computer is able to handle the ranking criteria in a proper
manner. These implications indicate that there will be no single “ideal” com-
puter program for the planning of syntheses.

Starting about 1970, several programs were developed worldwide for the
planning of syntheses [5]. They have significant differences [6]. There are
those programs that focus on the topology of the target structure, suggesting
how one could and should construct the target, irrespective of the existence of
synthetic methods that could do this. Programs such as EROS [7], WODCA
[8, 9] (http://www2.chemie.uni-erlangen.de/software/wodca/contents. html#
overview_c), and SYNGEN [10] (http://syngen2.chem.brandeis.edu/syngen.
html) fall within this category. These “logic-based” programs address the
process of synthesis planning from a fundamental aspect that offers oppor-
tunities to delineate completely new chemical transformations. Other pro-
grams such as LHASA (http://lhasa.harvard.edu/) or (http://cheminf.cmbi.ru.
nl/cheminf/lhasa/doc/lhasal91.pdf) are built on a huge database of reactions,
guaranteeing that the proposals made will have a welcome precedence in
reliable chemistry. The LHASA program does not only know simple trans-
formations, but evaluates the possibilities to implement certain key trans-
formations such as the Diels-Alder cycloaddition into the synthesis plan. It
suggests the introduction of auxiliary functionality (FGA) to enable the im-
plementation of these reaction schemes. In LHASA, the synthesis trees are
pruned both in an interactive fashion and by the program itself in order to
focus on attractive proposals. For an example see in Scheme 9.2 an analysis
for the synthesis of the sesquiterpene valeranone. E. J. Corey commented
[3]: “The suggestion by LHASA of such nonobvious pathways is both
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stimulating and valuable to a chemist. The field of computer-assisted syn-
thetic analysis is fascinating in its own right, and surely one of the most inter-
esting problems in the area of machine intelligence. Because of the enormous
memory and speed of modern machines and the probability of continuing ad-
vances, it seems clear that computers can play an important role in synthetic
design.”

valeranone

o ﬂFel

oL ' oj//\> (

Scheme 9.2 Proposals by LHASA for a synthesis of valeranone

Information-based synthesis planning programs such as LHASA are close
to the chemist’s approach to synthesis. They in turn require a large manpower
input to maintain and update the reaction database. Logic-oriented programs
such as WODCA and SYNGEN are also linked to databases, those of readily
available simple starting materials. These programs check the structural sim-
ilarity of the target or intermediates to potential starting materials in order to
suggest the shortest route to the target.

Overall, the acceptance of such synthesis planning programs up to now
has remained rather low, considering all the progress that has been made in
the development of such programs [1, 11]. There remains the task to improve
the interface of these programs to make them really attractive in the future
and to maximize their potentials.
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Chapter 10
Stereogenic Centers and Planning of Syntheses

Abstract Isolated stereogenic centers of chiral target structures and first stereogenic
centers of sequences of neighboring stereogenic centers are generated by asymmetric
synthesis, or by resolution of a racemate, or acquired from the chiral pool. Sequences
of neighboring stereogenic centers are generated from an initial one by methods of di-
astereoselective synthesis. They are frequently perceived as patterns, for the synthesis
of which special methods are established.

Forty years ago, stereogenic centers in a target structure were cause for
serious headaches in synthesis planning. Since then, the methodology of
stereoselective synthesis has been advanced to the point that aspects of stere-
ogenic centers, while still important, are no longer the major hurdle in plan-
ning syntheses. For this reason, the relevant discussion was placed last (but
not least) in this treatise.

When a target structure has more than one stereogenic center, start by
assessing the distance from one to the other. When the stereogenic centers
are adjacent or at a distance not greater than 1,4, consider constructing these
stereogenic centers either simultaneously or sequentially, the second one by
asymmetric induction from the first. In case the distance between the stere-
ogenic centers is greater than 1,4, these centers should be treated indepen-
dently. In any case, the main focus is on how to generate the first stereogenic
center in a projected synthesis [1]. The available possibilities include:

e stereoselective synthesis, e.g., by a stereogenic skeletal bond-forming re-
action;

e asymmetric synthesis, e.g., by a stereogenic refunctionalization reaction,
including enzymatic approaches;

e synthesis of a racemate, followed by resolution;

e incorporation of a chiral building block from the chiral pool.

An initial feeling for these alternatives can be gained by discussion of the
synthesis of sulcatol (Scheme 10.1), a pheromone of a noxious insect. The

R.W. Hoffmann, Elements of Synthesis Planning, 149
DOI 10.1007/978-3-540-79220-8_10, © Springer-Verlag Berlin Heidelberg 2009



150 10 Stereogenic Centers and Planning of Syntheses

species Gnathotrichus retusus is excited by the pure (§)-enantiomer. This ac-
tion is inhibited by the other enantiomer. The related species Gnathotrichus
sulcatus does not react to either pure enantiomer, but to a 65/35 mixture of
(8)- and (R)-sulcatol [2]. The synthesis is thus challenged to provide routes
to each pure enantiomer of the compound.

OH OH
(S)-Sulcatol (R)-Sulcatol

Scheme 10.1 The two enantiomeric forms of sulcatol

When considering the formation of a stereogenic center by synthesis, one
should evaluate the chances of forming each of the four bonds at the stere-
ogenic center by a stereoselective bond formation (Scheme 10.2).

ﬂi ﬂ" ﬂiii ﬂiv
PP MNP G S

Scheme 10.2 Retrosynthetic considerations regarding the stereogenic center in sulcatol

Sulcatol, a chiral alcohol, could be approached using an enantioselective
reduction of a ketone (bond-set (i) in Scheme 10.2) applying, e.g., the Corey—
Bakshi—Shibata method [3]. In the present case, reduction with various
strains of yeasts appears equally attractive [2] According to Hendrickson’s
definition of an ideal synthesis, stereogenic centers should be established
during skeletal bond-forming reactions (cf. bond-sets (ii) and (iii) in
Scheme 10.2). This suggests adding, e.g., allyl-di-isopinocampheyl-borane
to acetaldehyde to give the homoallylic alcohol 59 (Scheme 10.3) [4], that
could be converted into sulcatol by a few further steps.

protection
of hydroxy  hydroboration

| . Blipc), gH group oxidation (;)PG

) — = S T T - Wo

93% e.e 59

Wittig-

reaction deprotection  HQ 1y

_ °, _

Scheme 10.3 Asymmetric allyboration to generate the stereogenic center of sulcatol
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Bond-set (iii) in Scheme 10.2 for the synthesis of sulcatol could be real-
ized with an umpoled synthon, applying Hoppe’s carbamate procedure [5]
(Scheme 10.4).

)OJ\ 1)nB L. O
uLli
ISAUUE Xet DU S
(o] 2) CHsl (0] .
\/% 1\/\)\ ) Chg % K/\/I\ _

>92% e.e.

Scheme 10.4 Asymmetric deprotonation to generate the stereogenic center of sulcatol

This shows that in many cases the generation of a stereogenic center re-
quires additional steps, be it in the substrate or the reagent, such as the at-
tachment of the carbamate moiety and its ultimate removal, in the example
in Scheme 10.4. The covalent attachment of the substrate to chiral or achi-
ral auxiliaries decreases synthetic efficiency, as does the introduction and
removal of a protecting group. Hence one should evaluate whether the re-
quired stereogenic center could not more profitably be garnered from the
chiral pool. This suggests that one look for chiral building blocks that con-
tain a doubly bound heteroatom at C-1 and a secondary alcohol function at
C-4. Perusal of the compilation by Scott [6] produced the potential precur-
sors listed in Scheme 10.5.

M\J\ ——> /C')iG/v X
o f\i XN OH
0 0

0] (0]
HO /
HOOC o ) ;E)H
If HO HO %
2-deoxy-(D)-ribose
glutamic acid a @
D-mannitol D-ribonolactone

Scheme 10.5 Potential chiral precursors for a synthesis of sulcatol

In due course, syntheses of sulcatol have been reported that were based
on glutamic acid [7] or on 2-deoxy-ribose [8]. They required, though, that
five of the seven steps before the concluding Wittig-reaction be refunctional-
izations. By today’s standard this is unacceptable for the introduction of just
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a single stereogenic center. Perhaps an alternate bond-set would fare better
(Scheme 10.6)?

Scheme 10.6 Alternate bond-set for the introduction of a stereogenic center in sulcatol

Enantiomerically pure propeneoxide can be obtained in three steps from
lactic acid. Its reaction with prenyl cuprate directly yields sulcatol [9, 10].
Even with such a convincing route at hand, one should not fail to eval-
uate routes via a racemate. A classical resolution via the formation of a
hemiphthalate and crystallization of its brucine salt appears circumstantial.
Yet kinetic resolution using enzymes, e.g., lipases, appears more attractive
(Scheme 10.7) [11].

HO Q®
/K/\)\—» COO  Brucine-H

AcO (0]
l Lipase

:

.

-Hg
\

Scheme 10.7 Resolution of a racemate as a route to enantiomerically pure sulcatol

The losses in material normally associated with a resolution scheme can
be avoided when one succeds in coupling the resolution to another reaction,
rendering the overall process enantioconvergent (Scheme 10.8) [12].

AcO
i\/\)\ / "3
: e 3
= lipase /\/\)\

HO HO
/'\/\)\ /'\/\)\

Scheme 10.8 Enantioconvergent resolution as a route to enantiomerically pure sulcatol

o
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As a consequence, once a racemate is readily available, a resolution ap-
proach to obtain enantiomerically pure material is as valid today as in ear-
lier times. In a multistep synthesis of targets having several stereogenic
centers, a resolution approach should be limited to those cases where it
can be applied early on in the synthesis, i.e., to obtain the first stereogenic
center.

The example of sulcatol is representative of a comparatively simple start-
ing building block with just one stereogenic center, a secondary alcohol.
A similar example with a methyl branch as the stereogenic center is dis-
cussed next (Scheme 10.9). Start the retrosynthetic disconnections by con-
sidering a cut at every one of the four bonds at the stereogenic center. In
order to generate a stereogenic center in the forward direction, the precursor
must be prochiral. This is most readily achieved with an sp?>-hybridized car-
bon atom that may be part of a carbon-carbon double bond. Following this
reasoning, a chiral methyl branch should be retrosynthetically connected to
a set of prochiral olefins.

Me M

Me o Me G S H e
i s e Kd
L e 1 I oo > L
R'CH, CH,R R'CHy” ¢ CHzR R'CH," e "CHyR R'CH, CH,R?
ﬂi ﬂii ﬂiii ﬂiv
Me Me Me /L
R1CH)\CH2R2 R1CH)\H H/K(:HR2 R'CH,” SCHR?

Scheme 10.9 Retrosynthetic cuts at a stereogenic center to generate a chiral methyl
branching

Retrosynthesis (i) in Scheme 10.9 identifies stereoselective formation of a
carbon-hydrogen bond as a route to the chiral methyl branch. This could be
accomplished, for instance, by asymmetric protonation of a prochiral eno-
late, by asymmetric hydride transfer to a prochiral enoate (Scheme 10.10)
[13], by transfer of a hydrogen atom to a prochiral carbon-centered rad-
ical, or by hydrogenation of a prochiral carbon-carbon double bond. The
latter might succeed with the aid of chiral catalysts [14, 15]. Otherwise,
one has to resort to the attachment of chiral auxiliaries
[16, 17].
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Scheme 10.10 Asymmetric reduction of unsaturated carbonyl systems for enantioselec-
tive construction of a tertiary stereogenic center

Retrosynthetic cuts (ii)—(iv) in Scheme 10.9 relate to skeletal bonds, be it
to R!, R?, or methyl. In these approaches the stereogenic center (= branch)
is generated in a skeletal bond-forming step, which has to be executed
in an enantioselective manner. Promising reactions are the alkylation of
an Evans enolate [19], or the cuprate additions to enoates [20], as shown
in Scheme 10.11 [21].

ONa

O
R-X

o) (0]
RS
A%_/ R Ae_/
Me
H_ 3
RCu « PBus » BF, = Me
_—
A A
20

Scheme 10.11 Skeleton-forming reactions for the enantioselective formation of a ter-
tiary stereogenic center
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Compared to the multitude of methods to generate chiral secondary al-
cohols, the number of methods available to generate chiral methyl branches
appears rather limited. It thus becomes more attractive to look for meth-
ods by which the easily attained stereogenic center “secondary alcohol”
may be converted into the harder to obtain stereogenic center “methyl
branch.” This puts the spotlight on sigmatropic rearrangements [22], as
well as on metal-mediated substitutions of the Sn2’-type (Scheme 10.12)
[23, 24].

N
O = o
- : COo0
R/'\/\ R/\/\/
0
) 0 RoCuLi /k/\;
e , v
F HOOC = R

Scheme 10.12 Skeletal bond-forming rearrangements for the enantioselective genera-
tion of a tertiary stereogenic center

Once the possibilities of generating a stereogenic methyl branch by asym-
metric synthesis have been explored, look into the possibilities of deriving
such an entity from the chiral pool. Natural products that could provide such
an entity include citronellal, which is available in both enantiomeric forms.
Other suitable members of the chiral pool are methyl 3-hydroxy-isobutyrate,
and 3-methylglutaric acid monoester, both derived from resolution of race-
mates [25] (Scheme 10.13).

HO
HO

HOOC COOMe 60
(R)-citronellal methyl (R)-3-methylglutaric acid
(R)-3-hydroxyisobutyrate monoester

Scheme 10.13 Chiral precursor molecules with a tertiary methyl-bearing stereogenic
center
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Resolution of racemic compounds carrying a methyl branch can be en-
visioned, when functionalities, such as a hydroxy group in compound 60
(Scheme 10.13), are in close proximity to the methyl branch to facilitate a
lipase-catalyzed kinetic resolution [26].

The various approaches presented above for generating a stereogenic cen-
ter at a methyl branch are mirrored in the bond-sets of syntheses of another
insect pheromone shown in Scheme 10.14 [21, 27, 28].

NN
\/W\/\/\[]/ ; . e
= = o/ building block oriented

.
\/:, Y
H 0 enolate-alkylation
° .
\/:\/\/ 1 cuprate addition to
z o an enoate

Scheme 10.14 Bond-sets used to generate a tertiary stereogenic center in an enantiose-
lective manner

The two examples, sulcatol and methyl-branched skeleton, illustrate how
a stereogenic center influences actions in synthesis planning. Given the
present status of synthetic methodology of enantioselective synthesis, the
prime choice is to generate a stereogenic center by asymmetric synthesis and
to modify the bond-set accordingly. A building block oriented approach, in
which the stereogenic center is derived from precursors from the chiral pool,
is in many cases less attractive because it requires a series of nonproductive
steps to adjust the compound from the chiral pool to that actually needed for
incorporation into the target. Moreover, check whether an intermediate con-
taining the stereogenic center could be generated as a racemate that lends
itself to a resolution process. This may be attractive when the resolution is
realized early in the synthetic sequence. Faced with these various tactics to
secure a stereogenic center in the target, there is no single approach that is
obviously superior to the others.

When faced with a target structure that has more than one stereogenic
center, evaluate the distance between stereogenic centers. If the distance is
greater than 1,4, then one tends to consider them as independent entities. If
the distance is 1,4 or smaller, one should try to establish both of them in a
combined operation. Scheme 10.15 gives examples with a 1,3-distance of
stereogenic centers.
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Scheme 10.15 Simultaneous or sequential establishment of two stereogenic centers in
a 1,3-relationship

CigHa7

In the first [29] of the examples in Scheme 10.15, a hetero-Diels-Alder
cycloaddition is realized under the asymmetric induction from a chiral
auxiliary. In this cycloaddition two stereogenic centers in the five-membered
heterocycle are set, yet a number of steps are required to remove the chiral
auxiliary and to refunctionalize the intermediate to reach the final product.
In the second example [30], a first stereogenic center is generated by a cat-
alytic asymmetric reduction of a ketone function. This center then serves as
the source of chiral information for the generation of the second stereogenic
center by 1,3-asymmetric induction.

When two stereogenic centers are present in a 1,2-distance, the broad body
of knowledge regarding 1,2-asymmetric induction [31, 32, 33] suggests se-
quential access to these two stereogenic centers (Scheme 10.16).

OH

O
/'\/R2 ::> R1@ + "\_/R2

R1

(0]

2
—) ~ J\/R + 8BUgBH Li

OH
—> R + 9BBN

Scheme 10.16 Sequential construction by asymmetric induction of two stereogenic cen-
ters bearing a 1,2-relationship
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Nevertheless, it appears even more attractive to set up two neighbor-
ing stereogenic centers in one stroke, be it by an asymmetric allylmet-
allation reaction [34], or the aldol addition [35] of an aldehyde
(Scheme 10.17).

OH OH | 0 Met
R1/'\/R2 _— R1/k_) [ R1J ')/

Scheme 10.17 Simultaneous construction of two stereogenic centers in a 1,2-
relationship by enantioselective allylmetallation

Chemists tend to look at sequences of neighboring stereogenic centers
as a sort of pattern recognition. These patterns are then associated with
established methods to create such a pattern. This is illustrated in Scheme
10.18 concerning chiral 1,2-diols.

OH
R R? (::> Rl /\/Rz asymmetr. d!hyqroxylation,
epoxidation
OH
OH
COOH building block oriented
:> HOOC from tartaric acid
OH

Scheme 10.18 Established retrosyntheses for chiral 1,2-diols

Special collections of methods exist to generate individual diastereomers
of the stereotriads 61 or of the stereopentads 62 [36, 37, 38, 39, 40] (Scheme
10.19). In these cases the particular pattern of stereogenic centers tends to
determine the choice of the synthesis methods.

OH OH OH

R1\‘)\‘/ R? R1\‘/KH\( R

61 62

Scheme 10.19 Stereotriads and stereopentads of neighboring stereogenic centers
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Along these lines, one gradually shifts to method-oriented retrosynthe-
sis. An example of such a strategy is given by a route to erythronolide A
(Scheme 10.20), during which two key reactions, the asymmetric crotylbo-
ration of aldehydes and the Sharpless epoxidation, feature prominently and
dictate the plan for the synthesis [41, 42].

h ! h ’ crotylboration with
(O - :
‘ chiral (\{ “oR

Sharpless epoxidation

Scheme 10.20 Method-oriented construction of the neighboring stereogenic centers in
erythronolide A, featuring reagent control of stereoselectivity

The individual steps of the stereoselective crotylboration are detailed in
Scheme 10.21, which demonstrates how establishment of the stereogenic
centers is linked to the skeletal bond-forming reactions.

°Hex WHex
cgj I %j ]/ o e 0 r\’ chex

81%, ds >95% 70%, ds >95%

79%, ds >95%

78%, ds 89%

Scheme 10.21 Reagent control of stereoselectivity during the skeletal bond-forming
steps in the synthesis of erythronolide A
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Scheme 10.21 features just those steps in which the stereogenic centers
and the skeleton are being formed. Not shown are the refunctionalization
steps which were necessary in order to convert the product of one skeletal
bond-forming reaction into the starting point for the next. One should note
that eight of the eleven stereogenic centers were established during skeletal
bond-forming reactions. This route to erythronolide A is linear, yet its effi-
ciency is so high that it turned out to be shorter than a projected convergent
synthesis [43] following a similar bond-set!

In the introduction to this treatise bond-sets for two syntheses of callystatin
A were presented. Callystatin A contains isolated, as well as neighboring,
stereogenic centers. Scheme 10.22 illustrates how this is reflected in the syn-
thesis strategy:

In synthesis A of Scheme 10.22, all of the isolated stereogenic centers and
the first of the stereotriad were derived from the chiral pool. The stereotriad
and the further center in 1,3-relationship were then elaborated by asymmetric
induction from the first stereogenic center in a sequence of two aldol addi-
tions [44]. In synthesis B of Scheme 10.22, the left end of the stereotriad as
well as the center next to the carbonyl group were taken from the chiral pool.
The stereotriad was finished by an asymmetric aldol addition. The isolated
stereogenic center with the methyl branch was derived from an asymmetric
alkylation of an Evans enolate. The isolated stereogenic center in the lac-
tone ring was generated in an asymmetric hetero-Diels-Alder cycloaddition.
Both syntheses thus follow a building block oriented strategy combined with

HO| |O

/\[ J\TJH/ N X . ﬁ Synthesis A
AN
D = from chiral pool

|:| = by asymmetric
synthesis

HO |O
A[J\( S J\/i Synthesis B
XNz

Scheme 10.22 Provenance of stereogenic centers in two syntheses of callystatin A
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the recognition of patterns (the stereotriad) that dictated method-oriented se-
quences of steps.

In summary, when considering target structures that contain several neigh-
boring stereogenic centers, try to assign these to subgroups, and look for con-
gruence with known “patterns of stereogenic centers” for which established
synthetic inroads exist, or which can be derived from the chiral pool. This
kind of analysis usually leads to a synthesis plan that is partially building
block oriented and partially method oriented.

Problems

10.1 Nonactin is one of the macrotetrolide antibiotics. It contains four enti-
ties of nonactic acid, pair-wise of opposite configuration. A synthesis of non-
actin therefore requires access to each enantiomer of nonactic acid. Nonactic
acid has four stereogenic centers, in an acyclic 1,2- and 1,3-distance and
in a cyclic 1,4-disposition. Suggest a synthetic approach to nonactic acid
(Scheme 10.23), that relies on recruiting the first stereogenic center from the
chiral pool and deriving the remaining ones by asymmetric synthesis.

HOH :
: HO 0
0 HOH i OH
nonactin (-)-nonactic acid

Scheme 10.23 Nonactin and nonactic acid
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Chapter 11
Enjoying the Art of Synthesis

Abstract Weaknesses and strong points of a synthesis (plan) become apparent by com-
paring several syntheses of the same target. Such a comparison highlights surprising
solutions—the art of synthesis—in contrast to standard approaches.

The planning of syntheses is in the middle of a transformation from an art
into a technique. When confronted with targets of unusual structure, sur-
prising solutions are still called for. This means that at any time creative
and artistic synthesis schemes have to be put forward, when the systematic
(scholastic) approach fails or turns out to be too lengthy.

Art contributes to and is part of culture, which you may (and should) en-
joy. The same can be said of exemplary syntheses. After having looked at
various systematic ways to deal with the problems of planning a synthesis,
pointing out the art in outstanding syntheses is the best conclusion. In order
to truly enjoy art, one must be knowledgeable about art. A first glance at a
painting of Picasso or of Klee will arouse one’s interest in the kind of presen-
tation at a superficial level. Only continuing exposure to modern art will let
one recognize certain recurring details and patterns in paintings of Picasso
or Klee, because one’s eyes have been trained by the preceding studies. To
see more and to recognize more is what makes looking at pictures enjoy-
able. The same holds for those who have studied the underlying concepts of
synthesis planning and now look at published syntheses. The reader who has
made his or her way through this treatise should be knowledgeable enough to
recognize many familiar aspects that were presented in the preceding chap-
ters. With the insight gained in this manner, one should be able to discern
creative syntheses from boring ones, i.e., to enjoy the real art of synthesis.

To this end, there follows a compilation of syntheses, each of which has
some remarkable feature. The reader is encouraged to rediscover familiar
elements and to examine in depth the way the synthesis was conceived. As
the guide in an art museum helps the visitor to appreciate the features of the

R.W. Hoffmann, Elements of Synthesis Planning, 165
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masterpieces on display, our comments should help the reader’s appreciation
of the following examples of outstanding synthesis.

11.1 Strychnine

Strychnine was declared by Robinson to be the most complex compound
relative to its size [1]. The elucidation of the structure of strychnine, in a
period in which neither NMR-spectroscopy nor X-ray crystal structure anal-
ysis were available, constitutes one of the eminent cultural achievements of
chemistry. The challenge of its synthesis could not have been accepted by a
person of lesser standing than R. B.Woodward, who in the middle of the last
century was beyond dispute the genius of synthesis. Woodward succeeded in
the first synthesis of strychnine (Scheme 11.1) [2]. This benchmark synthesis
appears by today’s standards as a careful and somewhat reluctant approach to
a solution of the problem. Yet the ingenuity of Woodward becomes manifest
in two features: construction of the quaternary stereogenic center as the piv-
otal point of three rings, and the concept of introducing a veratryl substituent
on the indole ring and its unprecedented use.

The veratryl moiety was conceived by Woodward to serve as a latent func-
tionality for a branching point with one unsaturated C,- and one unsaturated
Cs3-chain. This was revealed in step 6 by a daring chemoselective (presence
of the indole moiety!) and position-specific ozonolytic cleavage of the aro-
matic ring between the carbons bearing the methoxy substituents generating
two ester functionalities. The compact nature of the veratryl group allowed
the start of the synthesis from an easily accessible starting material.

Steps 1 through 4 of the synthesis address the generation of the pivotal
quaternary stereogenic center at the fusion point of three rings. This goal
was attained by starting with a classical tryptamine synthesis (steps 1 and 2)
followed by condensation with ethyl glyoxalate (step 3). The pyrrolidine
ring was closed and the quaternary stereogenic center was established in
a Mannich-cyclization initiated by tosyl chloride (step 4). Refunctionaliza-
tion (step 5) secured the conquered structure. As indicated above, step 6
unravelled the veratryl ring, with the result that one side chain immediately
cyclized to form the next (pyridone) ring, shifting the carbon-carbon double
bonds to their most stable positions. This is the key step of the total syn-
thesis, marking a considerable increase in complexity and setting the func-
tionality for forming the next ring in step 8. First, though, the tosyl group
from the pyrrolidine nitrogen had to be removed in step 7. Step 8 marks
the formation of the next ring by a Dieckmann cyclization. This entailed an
enolized carbonyl group in the newly-formed ring as a surplus functionality.
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Its reductive removal necessitated a total of four operations (step 9)! The
next transformation, that of a methoxycarbonyl group into a methyl ketone
(step 10) via intramolecular acetyl transfer in an anhydride is surprising and
unconventional. The methyl ketone obtained in this manner was oxidized in
the or-position. Followed by epimerization this led to the closure of the next
ring (step 11). At this point the carbon atoms designated to form the seven-
membered ring were added, followed by an adjustment of the functionalities
(reduction of the amide to an amine, reduction of the pyridone to a dihy-
dropyridone) in step 12. The stage was set for the closure of the last ring
by effecting a 1,3-shift of the hydroxyl group in the allylic system, step 13.
Treatment with a base (step 14) brought the double bond in the dihydropyri-
done into conjugation, allowing it to accept the hydroxyl function in closing
the seven-membered ring and to reach the target structure.

The synthesis of strychnine accomplished in this manner was a breath-
taking achievement. Considering that it relies solely on the methodology
of the first half of the 20th century, this is what one defines as “classical”
chemistry. One notes that the Dieckmann cyclization necessitated four re-
functionalization operations, something one would try to avoid today. But
this appears permissible for a “first” synthesis of such a formidable target
molecule.

Almost thirty years had to pass before chemists gained the confidence to
start a new attack on strychnine. They hoped to capitalize on the widened
scope of synthetic methods to realize a perhaps better solution [3]. The
most remarkable one of these endeavours is the synthesis by V. Rawal
(Scheme 11.2) [4]. This synthesis is impressive because of its seemingly
effortless late increase in complexity, and the manner in which the seven-
membered ring was anellated. This set a standard which was incorporated
into many of the following syntheses.

The synthesis of Rawal (Scheme 11.2) starts rather conventionally by
elaborating the pyrroline ring through a cyclopropane-aldehyde and an aza-
analogue of a vinyl-cyclopropane/cyclopentene rearrangement (steps 1
and 2). The resulting enamine is then protected as an enamide in step 3. The
amino function on the aryl residue is in turn generated and converted to an
imine by reaction with a strategically designed branched, unsaturated alde-
hyde. Once the imine is acylated (step 4), the double bonds are shifted to gen-
erate a diene that is perfectly poised to form the central ring of strychnine in a
Diels-Alder cycloaddition (step 5). Steps 4 and 5 thus mark a rapid increase
in complexity based on a bicyclization strategy. At this point, all protect-
ing groups were convergently cleaved with trimethylsilyl iodide, whereupon
acidic workup formed the next ring, the lactam. Now the remaining pyrroli-
dine nitrogen was alkylated with a specifically designed building block that
contained the functionality to form the next ring in addition to the skeletal
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atoms to form the seven-membered ring (step 6). Closure of the next ring
was realized by a Heck reaction, which moved the double bond into the di-
hydropyridone ring. After deprotection of the allylic alcohol function, the
latter could be added into the dihydropyridone system to form the seven-
membered ring as in the preceding Woodward synthesis.

Further remarkable syntheses of strychnine are summarized below, exem-
plified by those from Overman (Scheme 11.3) [5], Vollhardt (Scheme 11.4)
[6], Bodwell (Scheme 11.5) [7], Bosch (Scheme 11.6) [8], Mori (Scheme
11.7) [9], Fukuyama (Scheme 11.8) [10], and Shibasaki (Scheme 11.9) [11].
They are not discussed, so as to give the reader alone the opportunity to ex-
plore their key features, highlights, and shortcomings. Attention along the
way might be directed, e.g., towards the manner in which the quaternary
stereogenic center is established, and on the strategy (sequential anellation
or bicyclization) to attain the polycyclic ring system.
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11.2 Colchicine

The second example presented here is colchicine, the alkaloid of the meadow
saffron (autumn crocus). The structure elucidation of this compound took
decades, until a crystal structure analysis unveiled the presence of a tropolone
ring [12]. The accumulated knowledge about tropolones at that time offered
no hint as to how to approach an anellated tropolone unit such as is present
in colchicine. The first synthesis of colchicine by Eschenmoser [13, 14] had
to chart new territory.

The main objective of a first synthesis is to reach the target. Hence, one ac-
cepts that certain annoying properties of the tropolone system were not ade-
quately addressed during the first synthesis: any synthesis that passes through
the free tropolone (colchiceine) will lead to two regioisomeric methyl ethers,
colchicine and isocolchicine (Scheme 11.10).

MeO MeO
SO
MeO MeO
oo O — MeO
o
OH

l CHoN,

MeO MeO
@. ®
MeO + MeO
MeO O MeO
(0]

OMe

NHAc

colchiceine

'e®
®)
I

NHAc

OQ
o
=
(0]

o iso-colchicine
colchicine

Scheme 11.10 Problematic regioselectivity on methylation of colchiceine

The synthesis of Eschenmoser (Scheme 11.11) took its start with an eas-
ily accessible compound, purpurogallin, which has a benzo-anellated seven-
membered ring system (incidentally, a tropolone system as well). The main
challenge was the position-specific anellation of the second seven-membered
ring. The Diels-Alder approach chosen required the presence of two ester
groups (Add FG), that had to be subsequently removed. The tropolone ar-
rived at in this manner had unfortunately an incorrect placement of oxygen
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functionalities! The necessary correction entailed many steps and substantial
losses of material.

This first synthesis of colchicine by Eschenmoser was followed by 14
further syntheses, which have been comprehensively discussed recently
[15]. Four of these syntheses, those by Woodward (Scheme 11.12) [16],
Evans (Scheme 11.13) [17], Schmalz (Scheme 11.14) [15, 18, 19], and
by Cha (Scheme 11.15) [20] will be presented below. The syntheses by
Woodward, Evans, and Schmalz likewise do not offer a solution to the
regioselectivity problem associated with colchiceine. That was finally at-
tained by the synthesis of Cha, which is compromised, however, by a pro-
tecting group dance from Boc to acetyl and back to Boc at the amino

group.
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11.3 Dysidiolide

Dysidiolide is a terpene of current interest in medicinal chemistry. Its struc-
ture invites creative approaches. The first synthesis by the Corey group [21]
(Scheme 11.16) starts from a readily available chiral building block with one
stereogenic center. The striking fact is that this stereogenic center appears
nowhere in the target structure. It serves as an auxiliary to derive the other
stereogenic centers and ultimately it had to be removed in an impressive
way.

The subsequent syntheses by Boukouvalas (Scheme 11.17) [22] and by
Danishefsky (Scheme 11.18) [23] focus on the double bond in the
six-membered ring, which allows a Diels-Alder approach. That however, re-
quires activating groups at the dienophile that have to be removed in ad-
ditional steps. Scheme 11.19 presents a combination of the syntheses by
Forsyth [24] and by Maier [25]. They, too, implement a Diels-Alder reaction,
again requiring an activating group on the dienophile. That leads in the end
to a side chain that is short by one carbon atom, a fact that has to be corrected
by a sequence of further steps.
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11.4 Asteriscanolide

Asteriscanolide was chosen as an example here because it contains an eight-
membered ring in a polycyclic environment. The syntheses shown are not
ordered in a chronological sequence. Rather, the synthesis by M. E. Krafft
[26, 27], is presented first, in which the rings are sequentially anellated
(Scheme 11.20). During the preparation of the anellation procedure an eno-
late allylation produced the stereogenic center (not unexpectedly) with the
incorrect configuration. This necessitated a later epimerization at the ring
juncture between the eight-membered ring and the y-lactone.

The synthesis by Paquette (Scheme 11.21) [28] also does a sequential
anellation of the rings. Moreover, it uses a sulfoxide as chiral auxiliary and
to facilitate a Michael addition. This synthesis obviously focuses on the con-
struction of the skeleton. The decoration with functional groups is attained
only late in the synthesis.

The next synthesis by Wender (Scheme 11.22) [29] is method-oriented.
It demonstrates a metal-mediated {4 + 4}-cycloaddition to generate the
eight-membered carbocycle. This renders the synthetic sequence short, al-
lowing the preparation of the cyclization precursor to use traditional steps
of open-chain synthesis. Note that all branches are generated by bond-
formation.

The last synthesis shown in this sequence (Scheme 11.23) is the one by
M. L. Snapper [30]. It is full of surprising turns such as a bicycle-forming
Diels-Alder addition to a cyclobutadiene and a ring-opening cross metathesis
to generate a divinyl-cyclobutane to initiate a Cope rearrangement to furnish
a cyclooctadiene. Despite (or because of) a route via an overbred skeleton,
this synthesis is remarkably short, having the same endgame as the Wender
synthesis.
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11.5 Lepadiformine

Lepadiformine is a not-too-complicated tricyclic alkaloid, which finds some
attention in the synthetic community [31]. The first synthesis by Funk [32]
constructs the rings sequentially (Scheme 11.24). The functionality initially
needed to facilitate the Diels-Alder addition has been cleverly used to build
the pyrrolidine ring.

The synthesis by Weinreb (Scheme 11.25) [33, 34] is method oriented
with respect to oxidation of the pyrrolidine ring by a radical translocation
step. The synthesis tried to feature a latent hydroxyl group in the form of an
allyldimethylsilyl moiety. Unfortunately, the latter group appeared not to be
compatible with a number of subsequent steps. Because of this the hydroxyl
group had to be unveiled early on.

The next synthesis by Kibayashi (Scheme 11.26) [35, 36, 37] shows a
near miss of a bicyclization strategy, as the acylimmonium intermediate was
generated under solvolytic conditions (using formic acid as the solvent).
Thus, a formate was generated in a nonstereospecific manner that had to be
saponified, requiring the additional adjustment of stereochemistry. Reflect-
ing on this route, it appeared attractive to succeed in a bicyclization reaction.
This appears to be possible in altering the acylimmonium ion to a simple
immonium ion, which should be amenable to a Diels-Alder addition [38].
This led to the proposal shown in Scheme 11.27; for a key step see reference
[39].

Lepadiformine nevertheless continues to be a target of synthetic endeav-
ours [41, 42, 43, 44]. Perhaps the study of the syntheses presented here will
encourage the reader to come up with shorter or more efficient proposals for
this and other compounds. Their presentation was intended to give the reader
the chance of enjoying the art of synthesis.
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Chapter 12
Summary and Concluding Remarks

Abstract The golden rules of synthesis planning are collated, rules that transcend and
supplement the contents of the individual chapters.

The considerations given in the previous chapters can be summarized in the
following way as the Golden Rules of Synthesis Planning:

Focus on the skeleton of your target:
Look for hidden symmetry.
Make cuts to halve the target structure or the intermediates.
Adjust cuts to create branches (skeleton oriented retrosynthesis).
Adjust cuts to the functionality present (FG oriented retrosynthesis).
Adjust cuts to enable generation of stereogenic centers.

Recognize patterns of stereogenic centers and check method oriented
retrosynthesis.
Recognize patterns of stereogenic centers and check availability from
the chiral pool.

Set functionality in your starting materials and intermediates to mini-
mize refunctionalization steps (avoid oxidation and reduction steps).
Set the sequence of your skeleton forming steps:

to maximize synchronous or tandem multibond forming operations,

to achieve an exponential increase in complexity,

to minimize the necessity of protecting groups.

Check the robustness of your plan,
the compatibility of your protecting group pattern with changes in the
plan and sequence of steps.

Guidelines for planning and executing syntheses have been delineated as
well by others, for example, in reference [1]:

R.W. Hoffmann, Elements of Synthesis Planning, 203
DOI 10.1007/978-3-540-79220-8_12, (© Springer-Verlag Berlin Heidelberg 2009
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“(1) Redox reactions that do not form C-C bonds should be minimized,
(2) the percentage of C-C bond-forming events within the total number of
steps in a synthesis should be maximized, (3) disconnections should be made
to maximize convergency, (4) the overall oxidation level of intermediates
should linearly escalate during assembly of the molecular framework (ex-
cept in cases where there is a strategic benefit such as an asymmetric reduc-
tion), (5) where possible, cascade (tandem) reactions should be designed and
incorporated to elicit maximum structural change per step, (6) the innate re-
activity of functional groups should be exploited so as to reduce the number
of (or perhaps even eliminate) protecting groups, (7) effort should be spent
on the invention of new methodology to facilitate the aforementioned criteria
and to uncover new aspects of chemical reactivity, (8) if a target molecule is
of natural origin, biomimetic pathways (either known or proposed) should
be incorporated to the extent that they aid the above considerations.”

The high level of congruence between the two paragraphs above signals
consent among synthetic organic chemists as to the important goals to be
reached in the design of syntheses. Some of the points mentioned above
invite an additional short comment: Reactions that do not form skeletal bonds
lengthen syntheses in an unnecessary fashion. These are, for the most part,
protecting group management steps and redox refunctionalizations. A typi-
cal sequence which appears repeatedly in many published syntheses today is
shown in Scheme 12.1:

Scheme 12.1 Common redox sequence in synthesis

This sequence encompasses three redox steps and just one skeletal bond-
forming operation, giving testimony of our inability to do this in just a single
operation. Efforts [2, 3] to shorten the reaction sequence of Scheme 12.1 are
therefore highly welcome.

Moreover, redox reactions are likely to be a source of problematic side
products and waste. Therefore, it would be preferable to perform synthe-
sis throughout by a method wherein the oxidation level of the intermedi-
ates remains constant. Syntheses meeting this criterion are called “isohypsic”
syntheses [4, 5], and efforts to attain this goal are encouraged. A totally iso-
hypsic reaction scheme for a synthesis is, however, likely to be unrealistic.
Rather, the ultimate goal along these lines is to attain “redox-economy.” This
means that a multistep synthesis should involve only those redox reactions
that are strategic, i.e., that generate a stereogenic center or that set the final
oxidation state of the functional groups in the target. In this manner all redox
steps that are merely refunctionalizations would become dispensable.
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Finally, adherence to biosynthesis patterns in planning a synthesis has
the potential to lead to highly effective syntheses, inasmuch as biosynthe-
sis relies on the inherent reactivity of functional groups and does not require
any protecting groups. The synthesis of the secodaphniphylline skeleton [6]
shown in Scheme 12.2 was inspired by a proposed biosynthetic pathway.
This route turned out to be much shorter than a previous synthesis carried
out following conventional wisdom.

OBn

HN.

NHa; AcOH

Scheme 12.2 Biosynthesis-inspired synthesis of the secodaphniphylline skeleton

To conclude the topic of synthesis planning, the best remark is that from
C. H. Heathcock [6]:

“Although our approaches to problems have matured, we need even more
mature strategies of synthesis. There is no reason that organic chemists
should not be able to surpass nature’s virtuosity in the synthesis of com-
plex organic structures. In fact, we are still very far from this goal in most
cases.”
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Chapter 13
Solutions to Problems

In this section solutions are given to the problems delineated in the previous
chapters. The answers given are by no means the only valid answers; rather
they serve as examples of a suitable solution.

2.1 Brevicomins

The 1,2-diol unit allows a retrosynthetic disconnection between the two
oxygen functionalities using an umpoled synthon, preferably on the side of
the smaller fragment [1, 2, 3] (Scheme 13.1).

\j‘\H . OH PGO
A =

OH o) OH o) M O o
Scheme 13.1 Functional group oriented retrosynthesis of brevicomin

Using an alkene as profunctionality for the diol unit opens possibilities
for skeletal bond formation in the vicinity of the double bond (cf. Sect. 3.1,
pages 55-56) [4, 5] beyond focusing solely on the vicinity of the carbonyl
group (Scheme 13.2).

d

ﬂ ) ﬂ o
COOR Cu
Br O o
Scheme 13.2 Retrosynthesis of brevicomin considering a profunctionality

R.W. Hoffmann, Elements of Synthesis Planning, 207
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2.2 Indolizidines

The 1,3-distance of functional groups can be reached using synthons with
natural polarity. The 1,2- and 1,4-distances indicated would require construc-
tion reactions using one umpoled synthon (Scheme 13.3).

1,2

Scheme 13.3 Distance relationships between functional groups in an indolizidine target

Disconnection A in Scheme 2.65 suggests the following polarity patterns,
each of which requires an umpoled synthon (Scheme 13.4).

PGO O PGO @
® S
63 64

Scheme 13.4 Polar bond disconnection in an indolizidine target

Situation 63 could be readily attained by an imine alkylation
(Scheme 13.5).

PGO PGO pco d PGO
<tj// cl Cl <ijf¢ cl
—_— T2 a — ]
o) N N\/E; N
H,N ®
PGO PGO

Scheme 13.5 Proposed synthesis of an indolizidine target

In order to stabilize a carbanion in structure 63 an extra substituent such
as a sulfonyl group would be required (Scheme 13.6) [6].



13 Solutions to Problems 209

o
PGO  SOPh PGO  SOPh ci AL\ PGO dsozPh
a
Soo— o

PGO  SO.Ph SOzPh PGO
&L C@ - C@L — 0L
N OH N o) N o}

Scheme 13.6 Proposed synthesis of an indolizidine target

Bond A in Scheme 2.65 could also be considered to be formed in a (non-
polar) ring closing metathesis reaction (Scheme 13.7).

Scheme 13.7 Proposed synthesis of an indolizidine target

A disconnection at bond B in Scheme 2.65 leads to the following polarity
patterns, again involving umpoled building units (Scheme 13.8).

RQ © RO @
oL CPL
&~ "o NS0
65 66

Scheme 13.8 Polar bond disconnection of an indolizidine target

In order to generate the carbanion in structure 65, the use of a stabilizing
substituent (PhSO,) is indicated. The cationic part is easily identified as an
iminium ion (Scheme 13.9).

SO,Ph

PGO >( PGO

Scheme 13.9 Proposed synthesis of an indolizidine target

SOzF’h SO,Ph
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In order to guarantee deprotonation in o-position to the sulfone moiety,
the ketone function has to be masked as an acetal [7].

Regarding structure 66, a nucleophilic character in o-position to the amine
is required, which is not the normal polarity pattern for an amine; however,
it is for a pyrrole. The cationic counterpart is easily recognized as an enone
(Scheme 13.10).

C-2 favored for More electron-
pyrrole Friedel- rich olefin will
Crafts Chemistry react first

Br
Intrinisic reactivity of pyrrole addresses all issues of chemo-and regiochemistry

Scheme 13.10 Proposed synthesis of an indolizidine target

A disconnection at bond C in Scheme 2.65 favors the polarity pattern with
natural synthons (Scheme 13.11).

PGO

®

Scheme 13.11 Polar bond disconnection of an indolizidine target

This can be realized in a Mannich disconnection after the oxidation state
of the alcohol function is correspondingly adjusted (Scheme 13.12).

(0] o 0
reduct.
(0] Nl HN
NH»

(0] HO HO
-0 — 0L — 0
H* N N N

(0]

Scheme 13.12 Proposed synthesis of an indolizidine target
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Masking of the final ketone as an alkene avoids problems in regioselective
ketone reduction and avoids handling of an o-amino-ketone, with its high
propensity to condense to dihydropyridazines.

3.1 Integerrinecic Acid

Making bond (3) (Scheme 3.25) is a general case of making o-hydroxy-
acids. This is normally done via the cyanohydrin (Scheme 13.13).

COOH COOH
HCN H*
% O % COOH
H,O
67 OH

Scheme 13.13 Last step in a proposed synthesis of integerrinecic acid

This renders compound 67 a key intermediate, which can be accessed via
formation of bond (2) (Scheme 13.14).

XW/& or ~ X -CO,
+
COOR
68 0O Pldba)s COCC))H
golele =

Scheme 13.14 Intermediate steps in a proposed synthesis of integerrinecic acid

Compound 68 in turn can be made by forming bond (1) (Scheme 3.25)
using the Morita-Baylis-Hillman reaction (Scheme 13.15) [8].

COOR COOR COOR
DABCO Ho X
68
X =Hal or AcO

Scheme 13.15 Initial steps in a proposed synthesis of integerrinecic acid
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3.2 Symmetrical Intermediates

(a) (Scheme 3.26): A symmetrical substructure is highlighted by bold
bonds in the following scheme. A cut at the endocyclic double bond points
to the possibility to enlist ring-closing metathesis in the forward synthe-
sis. Disconnection of the acetal then leads to the cp-symmetric dienediol
[9] (Scheme 13.16). The latter can be obtained from D-mannitol. Likewise
one could envision a symmetrical tartrate-derived dialdehyde as precursor.
Here the task would be to effect two consecutive Wittig-reactions selectively
(Scheme 13.16).

— //\'/ Ar o + \/\H,Ar
HO” N7 ©

~_ | /\
Kf ring-closing metatheS|s
’\
//\|/O
— \k |:> o} |< N
o O
Ar sequentlal Wittig reactions

Scheme 13.16 Revealing symmetrical precursor molecules

(b) (Scheme 3.26): In the target is a sequence of four adjacent carbon
atoms bearing three oxygen functionalities. A fourth oxygen functionality
would render this substructure symmetrical. Following this thought, the full
target skeleton could be attained by a carbon-carbon bond forming substitu-
tion of that additional oxygen function. Along these lines one recognizes an
epoxide as a potential substrate for such a substitution and after considering
the stereochemistry of the epoxide opening one identifies the c,-symmetric
epoxidiol as starting material [10] (Scheme 3.17). The latter can be derived
from tartaric acid. The c,-symmetry of the epoxide renders both epoxide car-
bon atoms homotopic. It therefore doesn’t matter at which one a nucleophilic
acetylide attacks.

OBn o“‘:
HO/\J/K/OB"‘ 'hoj)\/O
> X,
BnO ~~0

0)

— BnO/\D\/OBn

Scheme 13.17 Revealing a symmetrical precursor molecule
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4.1 Polyoxamic Acid

When only the vic-diol unit of polyoxamic acid (Scheme 4.9) is consid-
ered, L-tartaric acid appears as a straightforward precursor for a building
block oriented synthesis [11, 12] (Scheme 13.18). This leaves the task of ad-
dressing a stereoselective generation of the amine-bearing stereogenic cen-
ter, preferably by substrate-based asymmetric induction (cf. Chap. 10).

L-tartaric acid

L-arabinose

OH O OH

Scheme 13.18 Identifying precursor molecules for polyoxamic acid from the chiral pool

However, the amine-bearing stereogenic center could advantageously be
generated from an alcohol function in a suitable precursor. Since this would
likely involve an inversion of the configuration, the tetrahydroxy-pentanoic
acid shown in Scheme 13.18 would be an attractive intermediate. Perusal
of the list of sugar structures shown in Schemes 4.5 and 4.6 identifies L-
arabinose as a readily available starting point [13].

An alternate way to polyoxamic acid is to start from a precursor with
only a single stereogenic center, vinylglycine. Cross metathesis with allylic
alcohol would assemble the molecular skeleton, leaving the stereoselective
introduction of the two hydroxyl groups, a task to be accomplished by a
Sharpless asymmetric dihydroxylation (Scheme 13.19).

Sharpless

NHBoc RO NHBoc  Asymmetric OH NHBoc
< R dihydroxylation g = -
Nco,Me Crose. RO~ ~"cosMe T CoMe
metathesis OH

Scheme 13.19 Identifying vinylglycine as possible precursor for polyoxamic acid

4.2 D-Erythro-Sphingosine

The vicinal functionalities and the amine-bearing stereogenic center sug-
gest L-serine as the most obvious precursor for a building-block oriented
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synthesis of D-erythro-sphingosine (Scheme 4.10). Yet this requires the con-
struction of a second stereogenic center. When one envisions that the amine
function could be generated by substitution with inversion from an alco-
hol, one is led to a vicinal trihydroxy-alkane as intermediate, and hence
to search the sugars as precursors. This way one identifies D-galactose,
D-xylose and D-arabinose as suitable starting materials for a synthesis of
D-erythro-sphingosine [14] (Scheme 13.20).

H, #‘NBW

NH
N z 2
HO. R === VY ~r ‘
fe) o) L-serine
OH
OH OH OH O OH OH OH OH
HOMR — HO\/H/T\) HO\/H/H HYT\/OH
Z | |
OH OH OH OH O O OH
D-galactose D-xylose D-arabinose

Scheme 13.20 Identifying precursor molecules for D-erythro-sphingosine from the chi-
ral pool

The substitution pattern of D-erythro-sphingosine (Scheme 4.10) could
also arise from an epoxy-alcohol. This suggests the Sharpless epoxidation as
a suitable inroute [15] (Scheme 13.21).

NH, O
HOM/ R ™ HO \/Q/\/ R ——> Ho N R
OH ~__~
\ O, / Sharpless epoxidation
l;an
OH

Scheme 13.21 Asymmetric synthesis route to D-erythro-sphingosine

5.1 Conjunctive Reagent

Formally, the simplest conjunctive reagent of the type shown in
Scheme 5.9 would be “methylene” itself. That approach would require the
simultaneous presence of the nucleophile R~ and the electrophile R™ in so-
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lution. This is, however, not viable, as the latter may not be compatible with
one another. Hence, a sequential coupling to the nucleophile and later to the
electrophile, or vice versa, is indicated. For a carbene, however, addition of
a nucleophile generates another nucleophile, which may likewise react with
additional carbene leading to an undesired oligomerization (Scheme 13.22).

@ CH2 @ CHQ @ CH2 @
R R'CH2 —_— R-CHz-CHg — R'(CH2)n'CH2

Scheme 13.22 Anionic oliogomerization of a carbene

The situation may be ameliorated by tuning of the reactivity of the “car-
bene,” by a change to carbenoids as reagents. For example, ICH,Znl may
be used as a conjunctive reagent [16], yet oligomerization still remains a
problem (Scheme 13.23).

o

ICH,Znl
]\ -
Q\Cu /s\ CH.Cu — /s\

nucleophile electrophile

Scheme 13.23 Carbenoids allow for a stepwise homologation

It may therefore be advantageous to have a conjunctive reagent whose
electrophilic and nucleophilic activity can be sequentially activated. An in-
conspicuous reagent in this context is dimethyl sulfoxide [17, 18, 19, 20, 21]
(Scheme 13.24).

(0]

Q NaH Q e O 0 g 0
A 80— SN, — /SW)J\R
OSiMes o Cl

R R RaNi g
Znl, L R R

Scheme 13.24 Sequential generation of nucleophilic and electrophilic reactivity at the
carbon atom of dimethyl sulfoxide

6.1 1,5-Diazadecalin

With bicyclization by reductive amination of 1,8-diamino-4,5-diketo-
octane, there is no guarantee of forming the six-membered rings of
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1,5-diaza-cis-decalin (Scheme 6.58) instead of the five-membered rings of
a bis-pyrollidine.

Because of the availability of both L- and D-lysine, this compound con-
stitutes a suitable starting point to allow access to either enantiomer of
the product in a building block oriented approach, which is abbreviated in
Scheme 13.25.

The possibility of generating saturated six-membered rings by hydro-
genation of an aromatic precursor suggests a route via the readily avail-
able naphthyridine. Hydrogenation of the pyridine rings gives ready access
to the racemic 1,5-diaza-cis-decalin, which can easily be resolved [22, 23]
(Scheme 13.25).

e e eodative

A ﬁ
H H |
N N_= H
A~ Q0 - CO -0

X Pz :
NH; X N RN ERNN
H H H |

naphthyridine

Scheme 13.25 Approaches to 1,5-diaza-cis-decalin

6.2 Dodecahydro-Anthracene

The double bond present in the central six-membered ring of the target
structure (Scheme 6.59) invites a bicyclization approach using an intramolec-
ular Diels-Alder addition [24] (Scheme 13.26).

COOR
H ROOC ROOC
COOR - @b&oona — O\(\ \/\kCOOR
b~ COOR COOR ™~—~ COOR
Pd(0)

Scheme 13.26 Two-bond disconnection to generate a dodecahydro-anthracene skeleton

6.3 Twistane

The following four different bonds in twistane (Scheme 6.60) are available
for a retrosynthetic cut [25] (Scheme 13.27).
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a) b) c)

* ~

Scheme 13.27 Retrosynthetic cuts of twistane

217

Cleavage of the two-atom bridge (a) leads to a bridged precursor with
two pending chains. Yet this most unfavorable solution has been used in
a forward synthesis [26]. Cleavage of the two-atom bridge at (b) leads to
a bridged precursor with one pending chain, an approach that allowed the
first synthesis of twistane [27]. A similar situation results on cleavage of
the one-atom bridge (c). The most significant retrosynthetic simplification
results from the cleavage of the zero-atom bridge (d). This leads to a rather

simple precursor system of two anellated six-membered rings.

The most highly bridged ring of twistane is marked in 69 (Scheme 13.28)

69

Scheme 13.28 Strategic bonds for the synthesis of twistane

defining strategic bonds. Cleavage of the zero-atom bridge as in d) is the top
choice. A twistane synthesis according to this bond set has been realized [28]

(Scheme 13.29).

o) O]
iy = dp--
Add FG

Scheme 13.29 The most advantageous route to twistane
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A two-bond disconnection suggests an intramolecular Diels Alder addi-
tion (Scheme 13.30).

. | 2
® | AddFa >~ o
o 7 o

Scheme 13.30 Two-bond disconnection for the synthesis of twistane

However, there is a regioselectivity problem, which will favor the forma-
tion of a less strained isomer [25].

An add-bond strategy via an overbred skeleton offers the possibilities (a)
and (b) shown in Scheme 13.31. Choice (a) suggests an intramolecular pho-
tocycloaddition between a cyclobutene and a cyclohexene—not really attrac-
tive. Choice (b) indicates a well precedented cyclopropanation reaction, that
was indeed used [29] to realize a quick synthesis of twistane. However, this
faced the problem of the regioselective cleavage of a distinct cyclopropane

bond.
Add bond Add bond EI\{ |¢

(a) (b)

1 1

4 FiA

Scheme 13.31 Routes to twistane via an overbred skeleton

7.1 PG-Scheme for Polyether Synthesis

Analysis for the protecting group pattern given in Scheme 7.17 (Scheme
13.32):
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OBn

WOH
BnO\/\\‘.-(Oj\/OH

These PG's must stay on until the very

end, thus a robust long-term PG is needed. It
would simplify things if they were orthogonal
to silicon based protecting groups, which

will be the work-horses of the sequence.

This PG will need to come off before the
future PG3, with acid therefore a somewhat
{ more
labile silicon group is appropriate
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TES
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OTIPS
Bro BnO OH
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+ OJ. -— ~ (0] \\‘
0 BnO.
f ~TN - BnO - o
Li”” >S0,Tol Vo oTBS MO No 2 OTBS
PG3 must be
more stable than TBS
suggestion: TIPS
BnO OH
- H =
H+
BnO
TBAF
Reduction

OTIPS

Scheme 13.32 Suggested protecting group regime for a synthesis of a polyether building

block
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A very similar protecting group scheme has been realized [30] with the
long-term protecting group PG1 as benzyl, because the final target did not
contain any double bonds, which would have contraindicated removal of
the benzyl groups by catalytic hydrogenation. The short term protecting
group PG2 was chosen as triethylsilyl (TES), and the medium term pro-
tecting group PG3 as tert.-butyl-diphenyl-silyl (TBDPS). The introduction
of PG2 at the point marked with (!) requires protection of the less reac-
tive hydroxyl group of a diol. This was attained by simultaneous protection
of both hydroxyls followed by selective deprotection at the more reactive
position.

7.2 PG-Scheme for Narciclasin Synthesis

During the narciclasin synthesis presented in Scheme 7.18 it is advisable
to protect the two hydroxyl functions generated in step 1 in a combined
fashion. The formation of an acetonide in step 2 becomes decisive in step
6 to assure a high level of stereoselectivity, even though this generates the
wrong diastereomer. Hence in step 7 a correction is necessitated by a Mit-
sunobu reaction with inversion of the configuration. The acetonide moiety,
serving well up to this point, is not fit to withstand the Bischler-Napieralski
cyclization in step 10. Hence, a protecting group interchange (steps 8 and
9) is required. The choice of acetate protecting groups for the diol moiety is
indicated by the ester (benzoate) group on the remaining oxygen function.
Having ester groups on all alcohol functions allows for their convergent re-
moval in step 11. Finally, the phenolic hydroxyl group is long-term protected
throughout the total synthesis as a methoxy function. As the aromatic build-
ing block was derived from ortho-vanilline, which comes with the methoxy
group, there was no other protecting group considered. The phenolic hy-
droxy group could be liberated in the final step 13 by a specific reagent, LiCl
in DMF [31].

8.1 Comparison of Camptothecin Syntheses

The two syntheses in Schemes 8.12 and 8.13 are essentially linear. They
have rather different bond-sets, yet they have the same number of steps
and the same number of bonds in the bond-sets (Scheme 13.33). Accord-
ingly, the difference in the ratio between skeletal bond-forming steps and
refunctionalization steps is minimal, arising solely from differences in the
polycyclization cascades. Note that step (4) in the Danishefsky synthesis
counts as a refunctionalization step, because the skeleton is only temporarily
extended.
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Danishefsky [32] Curran [33]

Scheme 13.33 Bond-sets of Danishefsky’s and Curran’s camptothecin synthesis

Danishefsky’s synthesis reaches a high level of complexity by the middle
of the synthesis sequence (step (6)), whereas in the Curran synthesis high
complexity is reached in the final step of the sequence. In terms of the ro-
bustness of the plan, the Danishefsky synthesis has substantial potential for
variation. Curran’s synthesis has two key steps, (3) and (8), on which failure
or success depends. To have such a step as the last one of a synthesis is quite
daring.

10.1 Nonactic Acid

For a review on the syntheses of nonactic acid (Scheme 10.23) see refer-
ence [34]. When considering a synthesis from the left end, the stereogenic
center at C-8 is that of a terminal methyl-carbinol. These are most frequently
derived from (R)- or (S)-propenoxide [35]. A start from 3-hydroxybutyrate
[36, 37] would also provide the oxygen functionality for C-6. Malic acid has
also been used to provide the stereogenic center at C-8 of nonactic acid [38]
(Scheme 13.34).

o OH OH
PPN A cooet A _cooH

Scheme 13.34 Chiral pool precursors for the C-8 stereogenic center of nonactic acid

When a synthesis from the right end is considered, it is advantageous to
generate both stereogenic centers at C-2 and C-3 in one stroke by an Evans-
aldol reaction [35] (Scheme 13.35).



222 13 Solutions to Problems

o o
’ﬁ rJ\N)( TiCls T,
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R's Pﬁl\/ TMEDA kT)L °

Scheme 13.35 Asymmetric synthesis of the C-2 and C-3 stereogenic centers of nonactic
acid

For the relative configuration at C-3 and C-6, i.e., to establish the cis ar-
rangment of the two side chains at the THF ring, a multitude of approaches
are available [34] (Scheme 13.36). These include approaches utilizing a 1,4-
asymmetric induction.

RsSIO
8 R\V/Zgy\T,COOR
o)
R COOR
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HO OH
° SN

R—A ., = -COOR = )
\Viégs\T/ R\¢/£;%;T/COOR

Scheme 13.36 Ways to generate the cis disubstituted tetrahydrofuran core of nonactic
acid
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The 1,3-distance of stereogenic centers at C-6 and C-8 is one that can be
mastered by classical routes of asymmetric synthesis (Scheme 13.37).
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Scheme 13.37 Ways to set up the relative configuration at C-6/C-8 of nonactic acid

These various ways to exert stereocontrol may then be merged into an
effective synthesis of nonactic acid.
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