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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, : _ o
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2 1 Introduction

Scheme A

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

CRNO

Scheme 1.2 Synthesis tree; Int = intermediate product, SM = starting material -

burkz@chem wisc.edu



4 1 Introduction

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 oH o
» \/. \;: 8 SR N
S S N
.‘t} F070 “]f a9 ©

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.

s  OH y OH
. F‘W‘*’ﬁ > ‘iﬁ/‘vxx/j 2
A oM
J oo /\)) oo ?/\.)) -
X N Ho VNS

HO
A. B. Smith HlI [7] E. M. Carreira [8]
2 oH 3 OH OH
"t,’%/'\/“\w"'k\ 4 S S lH}\‘/'\/»\\_/:,J"
070 N 070 0%0
HO /\)/ HO ™. " HO \/\/
HO NN Ho WS Ho W
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:

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

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

e 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 svnthesis 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 groupdeterminesthesign 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. L

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 -~ Ph

° 1 ~_ 2 3
Ph.® -  m— Ph-MgCl + 1080~
¢ A
Li,CuCly
A . A 1 Ar‘
rﬁ/ r —— Ar-MgCl  + “/
[ ]
OH ~ N
Me{ﬁ/Y — Me,CuLi + W

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):

e
N

RO + @ Ph

R _,0/\/ Ph
R® + ©_ - Ph

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, 5 1
acceptorat C-1 = a -synthon
Ra X Dx "
O 0] ,
JU — NI O donor at C-2 = d“-synthon
R | CH; -H" R” “CH,

@
O 3 . 1
- acceptor at C-3 = a’-synthon (=vinylogue to a'-synthon)

-
w

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):

pa:d o)

RJ\/S/\ R  — RJ\N’O\ + XMg-CH,-CH,-R'
° al | nucleophile
092 o-

. X-CH,-R'
. + 2

R e R — R& o2 electrophile
O a;d 0]

RJ\//}{- = HJI\& + R',Culi

. 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 OH NHR
L —= ]

R R' ~_" R R' R R'
X=Hal, SR < > / ( >
o] N NR

PR

R)J\ R' ~—7 R R'

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).

ISR R 1
al' ———> a'-synthon R 1 2 § X
* - /K/\
3" 2. 2
a ! ——— d?synthon R 1 ) §

——— 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 d2-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 al- respectively a’-synthons are given in
Scheme 2.8.
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jk d2-synthon /,lLN‘Li S Q o SMeg
R © R/& R/§ H& R&

X

d?-synthon i )
y o Li LI\O N
R O R)\/ Li R/I\/ Li

Scheme 2.7 d?-Synthons and corresponding real reagents

|X al-synthon O Me 0
Lo N
o

)X at-synthon
(0] MeO, OMe AcO,_ Cl
f” @ o )LH RXH RXH

X as3-synthon
/“\/ i i
o @ S

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 5, 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 57 SnOTf \
o_ .0
4

Ref. [12]

Scheme 2.9 d*-synthons and corresponding reagents

2.1.2 Bond Formation Between Two Functional Groups

The synthons with a!-, d2-, 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.

i: dl =-— Xi a
1,2-relationship R 1/H H)\‘[/H
a' X d'iXx
' A
L ] L]
L] L]
X X X
1,3-relationship R)\ '\/l\Fa' H)\’:'J\R'
a1 5 d? d2 E a1
. o
? ® L ] L ]
X X d2 a? X X adid-
1,4-relationship R) R R)\/\/R H)\*’ R R/K/\J/R
alid® X X a?) d?X iX
FAN i 7 & .
s o
X X !
" 1,5-relationship R)\/\/I\H R/]\/\/‘\R
d?! a® ad! d2
o o

1,6-relationship

s
e
2

a3§d3 X
e N

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

T e e SR ppss !
SLTE D CRaL WIS C.eau
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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
L] L ] L ] L ] L ] L ] [ ] L ]
12 LN 4 P2 Nl 4
R™ i v 3 '\/ R 1 !~13 1~
IR o
d? E ' a’ o4
a’ ' dd :
d* a*
"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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l

X 1. g
J d’-Synthon sq NC_0OSiMe; O,N SO,Ph IN h NMe,
e © AU R ROL ro M3 14

N-N
X d'-Synthon N. D
OCH,OMe N~ PhooBr
[15,16,17]
X a?-Synthon 0 OJ' \O
.

R/Lk@ i Il e

X a®-Synthon 0

® i
R
0
X d3-Synthon of_ \O j’\\’\"e o’LLNiPr2 @
i =
R)J\/@ R wgar B i H)W\Li
(18] [19] [20, 21]

X d®-Synthon
A/ BnO
A © Li

{18]

Scheme 2.12 d'-, a?-, respectively d*>-synthons and corresponding real reagents
P g

m activation m =d"-synthon

O umpolung S><S S><S
R™ 'H R R™ "Li
=a'-synthon R'X
skeletal bond forming reaction
0O reversal of umpolung m
- S__S
. - <o

O umpolung NC OSiMe, activation  NC 0SiMe, =d'-synthon

— activaton
R™H RH RL
=a'-synthon R'X
skeletal bond forming reaction
0 reversal of umpolung NC_OSiMes
P G R™OR'
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,
o ., O
o N NJ\/\/O B~ JON B -OH
thiamine-pyrophosphate )I\N/ 'O C“>

OH A

)?\ umpolung actlvatlon C/S/N' =d’-synthon
H
HyC™ "H 4 th|am|ne PP Hacql\r (proton- shlft 3J s/ R
+ base E* & "activated" aldehyde
=a -synthon l R
skeleton bond-forming reaction
OH with
Q + base R " .
)—L -— H C’M.’rm E* = carbon electrophile
HiC™ "E  _thiamine-PP ' 3 E \(\-n
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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Other useful conjunctive reagents are listed in Scheme 2.63 (cf. also
Scheme 5.7 on p. 78).

6“6 : Messi\ SOgPh
CH2 @ Ref. [1 24]
® SO,Ph
© ||/ : Li"> Ref. [125]
0O O
o SiMes
) Li
( : Ref. [126]
CH; CH,
© © | MesSi I BusSn  OAc
\”/ Ref. [127, 128]
CHjp CHg CH2
© O | MeSi SiMes
Y : Ref. [129]
CH
: CHo
@ @ Y OPiv
\g/ NO, Ref. [110]
® © P
\ﬂ/ : N Ref. [130]
O R

Scheme 2.63 Examples of 1,1-, 1,2-, and 1,3-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
(0]
=y =y
0 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
.\/\ . »

P
N e N\/]§
o C¥ 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 1n 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.

™~ >
o--o o
H/\\.,«\):'ft/\\ H/:;\.)%/\’/:
°

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).
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1, 1-relationship between branching point and heterofunctionality

OH (0]
RMgX +
R)T | e—— g )j\

1,2-relationship between branching point and heterofunctionality

O Oe
HW)\/ ———) RX+ \/‘\/

enolate alkylation, aldol addition

1,3-relationship between branching point and heterofunctionality

(8] (0]
RJ\/LK/ ——>  RyCuli + /\/U\/

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
P COOR 1 3 COOR
Ar .‘f\/ —— Ar/le a (\/

(1) ~coor 15 dt COOR
i 0
Ao ~-CO0R H_~_coor
._‘\. ——> Ar 3
(&) TCcooR d? P
Br”, "COOR

8] . o a3
2

(3) COOR d

O @] @]

COOR »
Ar)'l\(\/ — Ar ._‘_.., — AIM |
& %)

(4) COOR

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 1,4-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 d2-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).

0 Zn o]
Tt ) ——
Ph 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

NaHl AcOMe

0] O
CICH,COOMe CHo,=CH-COOMe
Ar COOMe Ar COOMe

© Base
COOMe

O|cooMe o)
H,SO,

COOMe COOH
Ar
HOAc

COOMe 15 COOH

Ar

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.

1) KOtBu, CHjl
2) LiNH,

CH,lyZn

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.

(@)

FGA
oy .
CBH17 CaH17 CBH17I‘.
OAc Ohc
17

OAc

(]

(¥ = Qo= 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
1s disposed of in a skeleton and branch forming Julia—Lythgoe olefination
(Scheme 3.8).

o Li |
P -
o R +
M — (B — O WX
OH ﬂ 18
oo

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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H
Ref. [12] _ Ho

.||o

H
1 OR

- =
HO_~ 7 0 o)
" L]
: H
Ref. [13]

-
RO\/\I/\/\I/;;‘/Y\/\E/\OR

Ref. [14]

HO
\Ej\/\ »
HO“\.\“" N .’\/\/Y\/\/
& 0
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).

C
= = z = S i =
oS, G, S, G, G A U SUR S S
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



3.1 The FGA-Strategy for Preparing Branched Skeletons 53

be removed by catalytic hydrogenation. Considering target molecule 19, the
following retrosynthetic analysis is suggested (Scheme 3.11).

5 19 “FGA* o
Ph ‘s Ph

N "FGA Claisen
+ " ® % —
Ph /LI\ o~ 0Z N

0 = =0 = L0
— 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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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, (3)

G J\, ‘COH
_ OOH r o)

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).

0 OBn
a) /K(’ ol py HO™ OBn
I

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 glven
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

~
’.
S ¢ o %
= _ S
7 30

=~

OH OH

Scheme 4.1 Identification of a building block containing the correct double bond
configuration
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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,S)-(—)-tartaric acid, a readily available chiral starting material. This leads
to the building block oriented bond-set depicted in intermediate 32.

—_— ’\/\,\/U\ — HOOC\/\COOH
OH

) exo- brevncomln

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 {3, 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

HHOICOOR —, Oq s OL,J/
-COOR =

OH JE) 0 OTos

ROOC™™y ROOC

TosO

SOZPh
— ﬁSOZPh \j{ifk
—_—
o]

TosO

SO,Ph

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]
=
A
=3 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
C-6 C-1 C-1 C-6
OH OH O O OH OH
HO \/L\/:\) D-glucose I\/"\1/7\/{]]-41
OH OH OH OH
OH OH O e L On
HO\/H/E\) D-galactose V\/\/OH
OH OH OH OH
OH OH O O OH OH
HO\W D-mannose “\/l\‘/\/OH
OH OH OH OH
OH OH O O OH OH
D-gulonic acid
OH OH OH OH
OH OH OH OH
HOM D-arabinose h/'\/OH
OH O O OH
OH OH OH OH
HD\A‘/H D-xylose N OH
| | Z
OH O O OH
OH OH OH OH
HO. D-ribose 3 A OH
o QY
OH O O OH

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

L-sugars
C-6 C-1 C-1 C-6
OoH O O O O OH
L-ascorbic acid
HO\/\NLOH HOWOH
OH O O OH
OH OH OH OH
HO\_/\\/k" L-arabinose (\_/K,OH
OH O O OH
OH OH OH HO OH OH
HO\W L-sorbose HK'\I/‘\,OH
OH © O OH
OH OH O O OH OH
: | L-rhamnose IH/\)\
OH OH HO 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
/U\/\/:\/'\/\/\\:/:\/\\/\
MeO = s
OH OH
34
OH OH
HO\/'\/?\/x\\ D-glucose
: 0
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 | .— 0~/ =0
" >=0
~ ]—l — —> D-fructose
0.0 HO OH
. ss
35 8 Steps
m/\OH

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.

HO NH,
Ro\/\;/\COOH R = H2N'CO'
OH

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].

HOMR R= nC13H27

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