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1. Introduction one of himandrine (5)22 have been achieved, along with a synthesis
of the hexacyclic himandrine core in racemic form.23,24 The con-
Very distinguished work has long been done in the domain of
alkaloid synthesis,1 but recently, a new frontier has been opened up
in this classical area through the synthesis of extremely complex
members of the galbulimima alkaloids. This review gives an anal-
ysis of how the formidable synthetic challenges presented by these
substances have been overcome through an impressive mastery of
classical reactions supplemented by brilliant innovations, where
either need or opportunity presented themselves.

The galbulimima alkaloids2 were isolated from the bark of the
rain forest trees Galbulimima belgraveana and Galbulimima baccata.
The former is found in Papua New Guinea and Indonesia, while the
latter occurs in Northern Australia. Of the 30 alkaloids which have
been isolated so far, structural assignments have been made to
29.3,4 All the compounds have been classified3,4 into the four
groups IeIV, as follows: (I) tetracyclic lactones (e.g., himbacine 1);
(II) highly oxygenated hexacyclic esters (e.g., himandrine 5,
C30H37NO6); (III) one hexacyclic and three pentacyclic bases of low
oxygen content (e.g., GB 13 2, C20H29NO2; GB 16 4, C20H27NO2;
himgaline 3, C20H31NO2); and, finally, (IV) several miscellaneous
compounds (e.g., GB 17 6, C21H31NO3) that do not fit into the other
three categories. Fig. 1 shows representative examples of Classes
IeIV; the single member of Class IV whose structure has been
assigned [(�)-GB 174 6] has not been synthesized. At present, the
number of members in each class is: seven4b,5 in Class I, 153,4 in
Class II, four6 in Class III, and four4b,7 in the miscellaneous group
(Class IV) where they are placed by virtue of their unique structures
or the fact that the structures are unknown.
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(þ)-Himbacine, a member of Class I, is the most important
because of its potent muscarinic antagonist activity.8 The trans-
decalin substructure present in this molecule is an essential8a,b,9a

determinant of its selective binding to M2 and M4 muscarinic
receptors, and it has served as a lead structure in the field of drug
discovery, especially for Alzheimer’s disease.8,9 Consequently, there
is an extensive literature on synthetic work related to himbacine
and the other Class I alkaloids.10e13 Most of the other alkaloids do
have some interesting biological properties14 but these do not ap-
pear to have been much explored and it is mainly the very complex
molecular architecture that has attracted a number of research
groups to attempt the total synthesis of several of these alkaloids.
Six total syntheses of GB 13 (2),15e21 three of himgaline (3),19e21 and
struction of such intricate structures as 2e5 represents the opening
of a new frontier in alkaloid synthesis, and, as indicated above, this
review will present an analysis of the different strategies that have
been developed, together with a discussion of the synthesis of just
the trans-decalin unit of (þ)-himbacine (and not of the whole
molecule), as the experience gained with this unit provided
a springboard for the synthesis of the more complex alkaloids that
have tested the current status of organic synthesis.
2. Synthesis of the ABC tricyclic core of the Class I alkaloid
(D)-himbacine

A biosynthetic origin of these alkaloids was first proposed by
Ritchie and co-workers25 in 1967. The proposal was extended to
Classes IeIII by Baldwin,11 and later, in more detail, by Movassa-
ghi.26 A biological DielseAlder reaction27 was suggested11 for the
origin of the trans-decalin unitda proposal which is supported
by the presence of an endocyclic double bond in another Class I
alkaloid, himgravine (7, Fig. 2). The intramolecular DielseAlder
reaction (IMDA) was put to good use in the synthesis of the Class I
alkaloid (þ)-himbacine, and three examples11e13 of the synthesis of
the tricyclic core via diastereoselective IMDA reactions serve to il-
lustrate the possibilities.10 The retrosynthetic analysis for the three
examples is summarized in Scheme 1. Either the trans-decalin
subunit (rings A and B) or the cis-fused 6/5-ring subunit (rings B
and C) can be generated by the DielseAlder reaction.
Hart’s group reported12 the first total synthesis of (þ)-himba-
cine, which was accomplished by generating rings A and B using
an IMDA process. Starting with the single enantiomer of the
thioester 2.1, the desired endo-DielseAlder product 2.2 was
obtained, using SiO2-supported Et2AlCl28 as catalyst. Unsaturated
thioesters are not common dienophiles,29 but in this case the use
of a thioester and the special Lewis acid were necessary in order to
obtain high diastereocontrol (endo/exo¼20:1). Hydrogenation of
the endocyclic double bond in 2.2 occurred from the top face so as
to generate the required cis ring fusion between the B and C rings,
as in 2.3. At the same time the thioester unit was reduced to
a primary alcohol, setting the stage for attachment of the piperi-
dine unit.

Baldwin’s group11 also used an IMDA reaction, and the route is
closely related to their proposed biosynthetic pathway. The imi-
nium ion 2.5 was used as the dienophile and was easily generated
in situ by deprotection of the N-Boc amine 2.4 under very mild
conditions. The product of the DielseAlder cyclization is itself an
iminium ion, and this was reduced to obtain a diastereomeric
mixture of amines (2.6). The diastereomers were separated after
both nitrogen protection (Boc) and selective hydrogenation of the
endocyclic double bond (2.6/2.7 and 2.8).
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Both the Hart and Baldwin approaches shown in Scheme 2
illustrate the construction of the trans-decalin AB-subunit by
IMDA reaction, but in the third approach shown in Scheme 2, which
was used by the Chackalamannil group,13 it was the BC rings that
were formed by the IMDA reaction. For this route, the DielseAlder
starting material was 2.9, which already contains the six-
membered ring A of the tricyclic core of (þ)-himbacine as well as
the piperidine subunit. The IMDA reaction, which was carried out
under quite harsh conditions, gave a mixture of both the BC cis-
fused lactone 2.11 and the corresponding trans isomer (2.10).
Although the latter was the major product, the desired BC cis-
geometry was easily accessible by DBU-mediated isomerization.
Finally, the trans-decalin subunit (as in 2.12) was completed by
stereoselective hydrogenation of the endocyclic double bond, as in
the Baldwin synthesis. During the IMDA, some deprotection of the
nitrogen occurred, but the Boc group was easily replaced. Once the
IMDA strategy had been implemented to reach 2.12, a few standard
manipulations then served to complete the synthesis of (þ)-him-
bacine. As indicted above, a discussion of the remaining steps for
these relatively simple Class I alkaloids is not included in this
review.

3. Analysis of routes to the Class III alkaloids

The alkaloids of Classes II and III are significantly more chal-
lenging synthetic targets, as is obvious from a comparison of their
structures. The Class II alkaloid himandrine has the most complex
architecture and its synthesis represents the present limit of the
galbulimima frontier. Not surprisingly, progress was first achieved
with the Class III alkaloids, which are structurally similar to those of
Class II, but appreciably less complicated. Examination of the
structures reveals that, in principle, the Class III alkaloid GB 13
should be convertible into himgaline via an aza-Michael reaction,
followed by stereocontrolled reduction of the ring B ketone car-
bonyl (see Fig. 3, 2/3). In fact, such a synthetic pathway is implicit
in the original structural work,25 during which it was found that
hydrogenation of GB 13 in an acidic medium gave 16-epi-himgaline
(3a), the result of sequential aza-Michael closure and reduction of
the C(16) carbonyl. In the event, the aza-Michael process was used
by the Evans and Adams,20 Chackalamannil,19a and Ma21 groups in
their own total syntheses. An additional relationship among the
Class III alkaloids is that (�)-himgaline has been converted4 into
(þ)-GB 16 via oxidation of the C(19) hydroxyl and concomitant
cleavage of the C(18)eC(19) bond.

A key challenge presented by the Class III alkaloid GB 13 (2) is
the [3.2.1] bicyclic CD ring system that is cis-fused to the piperidine
E ring. Because of the complexity of the structures involved it is
convenient to analyze the synthetic approaches to Class III alkaloids
2e4 by dealing first of all with routes to the ABC core and then to
examine the incorporation of the D, E, and F rings.
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3.1. Construction of the ABC system of the Class III alkaloids
GB 13 and himgaline with some of its associated units

As was already apparent from work on Class I alkaloids, the
trans-decalin subunit is very effectively made by DielseAlder
reaction, and five different versions of this classical strategy have
been applied, as summarized in Scheme 3.
H

H
O

OH

C
B A

O

A

O

C

B ring
formation
by Diels-Alder

Mander
&

Sarpong

H

H

O

X

O

OR

H

H

O

O

C ring
formation by
5-exo-trig
cyclization

A AB BA

B ring
formation

A & B ring
formation by
Diels-Alder

X = Br or Cl

Chackalamannil Movassaghi

3.13.23.3

3.4a 3.4b3.7 3.6

C ring
formation
by Michael

H

H

O

O

AB

A & B ring
formation by
Diels-Alder

3.5

O

O

O

O

Evans

+
18

19

C18-C19
disconnection

H

H
O

O H

H
OB ring formation

by intramolecular
aldol condensation

C8-C9
disconnection

O

O
H

H
A

A
AB

8
9

3.8 3.9 3.10

MaO
O

Ma

Ma

EvansMovassaghi &
Chackalamannil

X

Scheme 3. Retrosynthetic analysis for the ABC rings of Class III alkaloids.
Retrosynthetic disconnectionof the B ringof3.1 givesDielseAlder
precursorswhere ringA ispartof thediene3.2and ringC ispartof the
dienophile 3.3. This approach was used by Mander15,16 and by Sar-
pong and Larson.18 Alternatively, retrosynthetic disconnection of the
five-membered C ring leads to precursors of type 3.4a, 3.4b, and 3.5,
which are themselves accessible by DielseAlder reactions, as
described below. In the event, a 5-exo-trig radical cyclization of
a substructure of type 3.4a or 3.4b was used by the groups of
Chackalamannil19a andMovassaghi,17respectively, to form ring C (see
3.4a or 3.4b/3.1). An intramolecularMichael reaction of a substrate
of type 3.5 can also afford the C ring (see 3.5 arrows), a pathway that
was usedby Evans andAdams.20 All three research groups judged the
bicyclic AB systems 3.4a, 3.4b, and 3.5 as being most appropriately
dealt with in terms of a DielseAlder disconnection, and either acyclic
intermediates of type3.6 (Movassaghi17 andEvans20) or amonocyclic
intermediate of type 3.7 with ring A already in place (Chack-
alamannil19) were used as the DielseAlder precursors. The fact that
these ideas were eventually reduced to practice, demonstrates that
theDielseAlderprocess is indeedareliablemethodnotonly forClass I
alkaloids but also for the more complex targets of Class III.

A completely different route was designed by Ma’s group.21 His
strategy was based on construction of the B and C rings at a very
late stage, after forming the D and E rings in amanner that is shown
later (in Schemes 16 and 17). Hence a complete discussion of the
tricyclic ABC core is not possible in the present section of this re-
view and must be deferred until the early stages of Ma’s route have
been examined. Only the two key disconnections involved in Ma’s
formation of ring C are shown in Scheme 3, and these steps will be
elaborated further in the discussion corresponding to Schemes 10
and 17. The first of the two key disconnections is cleavage of the
C(18)eC(19) bond to give the AB enone system 3.8, and the B ring
was envisioned to come from lactone 3.9. The second crucial dis-
connectionwas of the C(8)eC(9) bond; this simplifies the structure
to the bicyclic lactone 3.10with ring A having the desired trans ring
fusion geometry. The notable feature of Ma’s route is that no
DielseAlder reaction is involved.
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3.1.1. Construction of the ABCD systemd(�)-GB 13 (Mander). The
route to racemic GB 13 developed by Mander’s group15,16 was the
first total synthesis of any member of Class III. The approach was
strategically different from all subsequent routes to members of
this class, and it began with the very early construction of the D
ring. This was achieved by generating the benzo-fused [3.3.1]
bicyclononane 4.2 from the Birch alkylation product30 4.1. In
compound 4.2 the fused benzenoid moiety was to serve as a pre-
cursor to ring E. In order to prepare for the DielseAlder step that
would generate the ABC subunit, compound 4.2was converted into
the diazoketone 4.3 by a short sequence of reactions: acid-induced
decarboxylation of the b-ketoacid subunit, hydroxyl protection, and
diazo transfer31 by the Regitz protocol. At that point, photochemical
Wolff ring contraction of 4.3 afforded, after a further two steps
(amide 4.4/nitrile), the required system 4.5, with the C ring in
a form suitable for participation in DielseAlder cycloaddition.
When 4.5 (containing the CD ring system) and 4.6 (containing the A
ring) were heated in the presence of a catalytic lanthanide complex,
an excellent yield of adduct 4.7was obtained via a DielseAlder endo
transition state. This short and effective construction of the tetra-
cyclic ABCD core with a fused benzenoid unit also set in place
the proper relative stereochemistry along the perimeter of the
skeleton. Desilylation of the silyl enol ether in 4.7 resulted in
a trans-decalone, and reduction of the carbonyl, as well as MOM
protection of the resulting alcohol, then gave the advanced in-
termediate 4.8, representing the ABCD system. Themain task left at
this stage was conversion of the benzenoid unit into the required
ring E piperidine, as shown later (Scheme 11).

3.1.2. Construction of the ABC systemd(�)-GB 13 and (�)-himgaline
(Chackalamannil). Chackalamannil’s group reported19a the first total
synthesis of the Class III alkaloid (�)-himgaline; thiswas achieved by
way of (�)-GB 13, and the approach (Scheme 5) was related to the
Class I alkaloid himbacine synthesis achieved in the same labora-
tory.13 The intermediate 5.7 (a single enantiomer) is enantiomeric to
the tricyclic core of (þ)-himbacine and this relationship illustrates
a potential synthetic connection between the Class I and Class III al-
kaloids. The single enantiomer of the starting propargylic alcohol
derivative 5.119b was converted into the benzyl ester 5.2 by standard
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methods, and DCC-mediated coupling with 5.3, followed by semi-
hydrogenation of the triple bond, resulted in the triene 5.4. On being
heated to a high temperature, this compound underwent intra-
molecular cycloaddition. Base-induced epimerization a to the lactone
carbonyl in the exo-adduct 5.5 gave the required cis 5/6 system 5.6.
This compound was converted into 5.7 by a short sequence, which
involved hydrogenation of the endocyclic double bond and hydro-
genolysis (removal of the benzyl group), acid chloride formation, re-
duction of the acid chloride to an aldehyde and then Wittig
methylenation. Reduction of the lactone unit in 5.7, silylation of the
resultingprimaryhydroxyl, andoxidationof the remainingsecondary
alcohol then gave the bicyclic ketone 5.8 with the required absolute
stereochemistry at each stereogenic center. Compound 5.8 was con-
verted into5.9 byozonolysis, HWEolefination, and a-halogenationof
themethyl ketonemoiety. These steps set the stage for the key 5-exo-
trig radical cyclization which, in the event, worked well under stan-
dard conditions and resulted in the stereocontrolled formation of the
C(20)eC(8) bond, generating the BC ring systemwith the desired cis
ring fusion. The stereochemical outcomeatC(8) is the consequenceof
a chair-like transition state in the radical closure.32 The further elab-
oration of 5.11 is dealt with in Scheme 12.

3.1.3. Construction of the ABC systemd(�)-GB 13 (Sarpong). The
Sarpong strategy18 for making the ABC system of racemic GB 13 is
similar to that used byMander in the sense that the samediene (4.6)
was used for DielseAlder cycloaddition and under similar condi-
tions. In Sarpong’s case (Scheme 6), the dienophile carried a nor-
bornene masking unit instead of the D and E ring precursors of the
Mander route. The stereochemistry of the product 6.2 appears to be
the result of in situ epimerization at C(9) of an initial Diels-Alder
endo adduct. This result correctly set the natural anti stereochem-
istry of the C(9) and C(10) hydrogens. Flash vacuum pyrolysis at
600 �C, served to dismantle the [2.2.1] bicyclic moiety and release
the tricyclic ABC system6.3. Although this route is the shortest to the
ABC core, the trans stereochemistry of the decalin has still to be set
and the BC ring fusion stereochemistry requires adjustment from
trans to cis, as described later (Scheme 13).
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3.1.4. Construction of the ABCE systemdboth enantiomers of GB 13
(Movassaghi). A very elegant approach to Class III alkaloids was
developed by Movassaghi’s17 group, who reported the first total
synthesis of both enantiomers of GB 13, thus establishing the
absolute stereochemistry of the natural material, which had pre-
viously2e,25 been misassigned. Independently of this synthetic
result, the absolute configuration was also established by crystal-
lographic means.33 Suzuki coupling between the racemic boronic
acid 7.1 (see Scheme 7) and the geminal dibromide 7.2 gave
(�)-7.3. Copper-catalyzed coupling with 1,3-oxazolidin-2-one
(7.3/7.4) introduced a masking group for a ketone carbonyl (see
14.2/2, Scheme 14). The silyl ether segment of 7.4 was converted
into a silyl enol ether by standard procedures, and cross metath-
esis between the terminal double bond of 7.4 and acrolein was
then used to introduce the a,b-unsaturated aldehyde moiety of
7.5. IMDA reaction of 7.5 proceeded with the required
diastereocontrol, giving rise to the cis stereochemistry of the
substituents on ring B. The oxazolidinone group served not only as
a masking group for a ketone but its presence also specifically
favored the s-cis conformation of the diene unit in 7.4; this con-
formation is essential for the DielseAlder reaction that converted
the next intermediate (7.5) into (�)-7.6. At this point, ring E was
attached by reacting the lithiated enamine derived from the
optically pure imine 7.7 with the racemic aldehyde 7.6 and
dehydrating the resulting alcohols. The next step was a diaster-
eocontrolled 5-exo-trig radical cyclization (related to that used in
the route followed by Chackalamannil’s group) to convert the ABE
system 7.8 into the very advanced ABCE intermediate 7.10. This
crucial step occurred smoothly, giving the product as a mixture of
two diastereoisomers. The observed stereochemical outcome at
C(8) is the result of the same factorsdinvolvement of a chair-like
transition statedthat applied to the radical cyclization step in the
Chackalamannil synthesis (see 5.9/5.11). Examination of the
tetracyclic intermediate 7.10 reveals that, structurally, it is essen-
tially one crucial stepdformation of the C(5)eC(19) bonddaway
from the complicated structure of GB 13. The introduction of ring E
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at an early stage, using the optically pure iminium salt 7.7, makes
this route very concise, and the approach illustrates the helpful
influence on the synthetic planning exerted by Movassaghi’s bio-
synthetic proposal for Class II and III alkaloids. The further elab-
oration of 7.10 is dealt with in Scheme 14.

3.1.5. Construction of the ABC systemd(þ)-GB 13 and (þ)-himgaline
(Evans). Another approach, this time to (þ)-GB 13 (ent-2) and
(þ)-himgaline (ent-3), was reported by Evans and Adams
(Scheme 8).20 Their strategywas somewhat related toMovassaghi’s
except for the route to the C and E rings. The former ring was as-
sembled by a Michael reaction instead of a radical cyclization as
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used in the Movassaghi and Chackalamannil syntheses, and the E
ring came from an acyclic chain (as described later in Scheme 15).

The starting aldehyde 8.1 in the Evans approach was converted
into 8.3 by HornereEmmonseWadsworth olefination, using the
optically pure phosphonate 8.2. A diastereocontrolled intra-
molecular DielseAlder reaction then furnished the substituted
trans-decalin 8.4. This intermediatewas elaborated further to 8.5 by
a four-step sequence, which included diastereoselective vicinal
dihydroxylation in the B ring, protection of the resulting diol, con-
version of the C(8) carbonyl into a thioester, and finally, DIBAL re-
duction to release the C(8) carbonyl as an aldehyde. This aldehyde
was homologated by another HWE olefination with the known
enantiomerically pure phosphonate 8.611b so as to obtain the a,b-
unsaturated ketone 8.7. The carbonyl group was then reduced to
temporarily prevent the possibility of a conjugate addition process
when the siliconprotecting groupwas removed in the next step. The
nitrogen was then benzylated by a three-step procedure that in-
volved silylationof bothhydroxyls,N-alkylation, andfinally removal
of the silicon protecting groups to give 8.8. DesseMartin oxidation
of both hydroxyls then set the stage for installation of a b-ketoester
unit selectively at the C(19) aldehyde. This was achieved by the
Roskamp protocol,34 the aldehyde 8.9 being treated with allyl
diazoacetate in the presence of a Lewis acid to produce 8.10. The
enolate from this b-ketoester underwent an intramolecularMichael
reaction via the C(19) oxygen to furnish the vinyl ether 8.11. This step
is reversible under basic conditions and, on treatment with LiOMe,
the vinyl ether was converted into the product of Michael reaction
via the C(20) carbon to form the desired C(8)eC(20) bondwith total
stereocontrol at C(8) in 8.12, thus completing the construction of
ring C. The relative stereochemical outcome at C(8) is the same as
that observed by the groups of Chackalamannil and Movassaghi
during their 5-exo-trig radical cyclizations and, presumably, repre-
sents the thermodynamically favored configuration. The remainder
of Evans’s synthesis is discussed later (in Scheme 15).

3.1.6. Construction of a bicyclic lactone incorporating ring Ad(�)-GB
13, (�)-himgaline, and (þ)-GB 16 (Ma). As mentioned earlier the
approach used by Ma21 in his synthesis of (�)-GB 13, (�)-himgaline,
and (þ)-GB 16 is conceptually different from all other routes: an
asymmetric Michael reaction35 involving ketoester 9.1 and (S)-1-
phenylethylamine was used to obtain the A ring (9.2, see Scheme 9)
instead of the DielseAlder approach adopted by other groups dis-
cussed so far. Diastereoselective reduction of the ketone carbonyl in
9.2, followed by exposure to acidic conditions, gave lactone 3.10.
This lactone served as the precursor to ring B but, as stated earlier,
both the B and C rings were built much later onto the ADE system
and hence will be discussed in due course (in Scheme 17).
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3.2. Completion of the Class III pentacyclic ABCDE system of
GB 13 and the hexacyclic ABCDEF system of himgaline

Building the D and E rings onto the tricyclic ABC system
(Chackalamannil, Evans, and Sarpong) or completing whichever of
the rings D or E was not already present in the more advanced
polycyclic structures 4.8 (Mander) and 7.10 (Movassaghi) proved to
be the most complex part of the synthesis of Class III alkaloids. The
retrosynthetic disconnections for these tasks are summarized in
Scheme 10. One of the promising disconnections of the E ring of GB
13 simplifies the structure to the 1,5-dicarbonyl system 10.1. Both
Mander and Chackalamannil followed this strategy. Structure 10.1
closely resembles Mander’s intermediate 11.4 (see Scheme 11).
From 10.1, disconnection of the C(5)eC(19) bond gives the tricyclic
ABC system 10.2. Structure 10.2 resembles Chackalamannil’s in-
termediate 12.1 (see Scheme 12). In the synthetic direction, the
C(5)eC(19) bond was formed in the Chackalamannil approach by
a Lewis acid catalyzed cyclization so as to make the D ring, but in
Mander’s route, this ring was already in place.
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An alternative method for dealing with the problems posed by
rings D and E starts by disconnection of the C(5)eC(19) bond of the D
ring and leads to the tetracyclic ABCE system 10.3, which, in turn, can
be synthesized from the tricyclic ABC system of type 3.1 (see Scheme
3). The intermediate of type 10.3was shown above in theMovassaghi
route to (�)-GB 13 (Scheme 7, see 7.10). The same type of disconnec-
tionwas also used by the groups of Evans (see the Evans intermediate
15.3 in Scheme 15) and Sarpong (see Sarpong’s intermediate 13.4 in
Scheme13). In the case of the Sarpong approach, the C(5)eC(19) bond
was formed by ametal catalyzed reaction, as described later (Scheme
13),while Evans andMovassaghi used enamine-basedprocesses, both
of which are also described later (Schemes 14 and 15). A notable fea-
ture of Sarpong’s procedure is that a readily available substituted
pyridine serves as the precursor to the piperidine E ring.
Finally, Ma’s very efficient convergent strategy offered a dis-
tinctive way of overcoming the synthetic challenges present in
these pentacyclic and hexacyclic alkaloids. His plan was to bisect
the pentacyclic core of (�)-GB 13 into two equally complex sub-
structures. Hence, the first key disconnection was C(18)eC(19)
(mentioned earlier in Scheme 3) to give the ABDE tetracycle 10.4,
which resembles 3.8 (Scheme 3) as well as Ma’s actual intermediate
(17.7, Scheme 17). The further disconnection C(8)eC(9) then splits
the molecule into two bicyclic units, the lactone 3.10 (see
3.8/3.9/3.10 in Scheme 3), and the bicyclic piperidine 10.5. The
DE unit wasmade separately from a single enantiomer of the amino
alcohol 10.6 and the simple diketone 10.7.

3.2.1. Completion of the pentacyclic ABCDE system of (�)-GB 13:
ABCD/ABCDE (Mander). As stated during the discussion of the
synthesis of the ABCD subunit (see Scheme 4), the aim of the
Mander group15,16 was to synthesize an all-cis piperidine moiety
from a benzene ring. Mander’s intermediate 4.8 was converted
into 11.1 (Scheme 11) by Birch reduction and acid hydrolysis.
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During the reduction, decyanation occurred with retention of
stereochemistry [protonation of the intermediate anion at C(9)
occurs from the exo face of the molecule] and during acid hy-
drolysis the usual isomerization of the double bond into conju-
gation with the ketone carbonyl took place. The protonation at
C(5) during the hydrolysis/double bond isomerization stage was
stereoselective, leading to the equatorial disposition of the carbon
chain at C(5).

The next step in Mander’s plan called for epoxidation of the
double bond of the cyclohexenone unit of 11.1, but this could not
be achieved directly and so a three step sequence of carbonyl
reduction, epoxidation, and alcohol oxidation was used to make
11.2, which was then subjected to Eschenmoser fragmentation to
the desired product 11.3. This was then converted36 into the bis-
oxime 11.4 by treatment with hydroxylamine hydrochloride. Re-
ductive cyclization of 11.4 to 11.7, using a reagent made from ZrCl4
and NaBH4, served to create the all-cis piperidine unit with the
proper stereochemistry at C(2).37 The adduct of the reagent with
the oxime oxygen is arbitrarily represented in Scheme 11 as
eOZrX3, but the composition of the reagent is unknown. Pre-
sumably, during the reductive cyclization of 11.4 to 11.7, a hydride
approaches the first intermediate iminium ion (11.5) axially to the
newly formed E ring; this trajectory, which also corresponds to
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Scheme 12. The ABC/ABCDEF conversiond(�)-himgaline (Chackalamannil). *Si
approach from the less hindered exo face, sets the eventual C(6)
stereochemistry. The second iminium reduction (see 11.6) also
involves axial approach to ring E from the less hindered exo face,
giving rise to the desired C(2) stereochemistry. The same steric
and stereoelectronic factors were also invoked by Mander in the
synthesis of the skeleton of the Class II alkaloid himandrine (see
later, Scheme 20). With the formation of 11.7, the pentacyclic core
of GB 13 was complete, but a number of functional group ma-
nipulations were still required to reach the natural product.
Cleavage of the NeOH bond released a free amino group, which
was protected as a trifluoroacetate, and then the MOM groups
were removed. The secondary hydroxyl was oxidized and the
remaining tertiary alcohol was reprotected as a MOM ether
(11.7/11.8). Introduction of the double bond in ring B by the
Saegusa protocol, followed by removal of the two remaining
protecting groups, afforded racemic GB 13.

3.2.2. Completion of the hexacyclic ABCDEF system of (�)-himgaline:
ABC/ABCDEF (Chackalamannil). The Chackalamannil group
adopted19a a linear approach to convert their intermediate 5.11
(Scheme 5) into 12.1 (Scheme 12). Hydrogenolysis of the benzylic
group in 5.11 and DCC-mediated coupling of the resulting acid
with Meldrum’s acid, followed by heating with benzyl alcohol,
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gave a b-ketoester, which was converted into 12.1 by removal of
the triisopropylsilyl group under acidic conditions. At that stage,
ring D was formed (as in 12.3) by the action of the Lewis acid
Zn(OTf)3, presumably through formation of the oxonium in-
termediate 12.2, which was captured intramolecularly so as to
produce the required stereochemistry at C(19). Condensation of
12.3 with methyl vinyl ketone, followed by hydrogenolysis of the
benzyl ester, and decarboxylation, resulted in the 1,5-diketone
12.4 with the indicated stereochemistry at C(5). This compound is
clearly related to Mander’s intermediate 11.4. Reductive amination
with the chiral amine (R)-1-phenylethylamine produced 12.5, very
largely with the indicated stereochemistry at C(2). Hydrogenolysis
of the nitrogen protecting group resulted in formation of an imine
with the C(6) carbonyl; this imine was reduced with sodium
cyanoborohydride, the stereochemical outcome being attributed
to the same factors that operated in the corresponding step of the
Mander synthesis (see 11.4/11.5/11.6/11.7 in Scheme 11). This
reduction gave an all-cis piperidine unit (12.6) as the major di-
astereoisomer. The remaining tasks were to dismantle the cyclic
ether and to generate the a,b-unsaturated carbonyl unit in the B
ring of GB 13. Protection of the amine nitrogen in 12.6 as a tri-
fluoroacetate and oxidation of the cyclic ether subunit to a lactone
under standard conditions (RuCl3$3H2O, NaIO4) was followed by
thiomethylation a to the lactone carbonyl to yield mainly 12.7. The
stereochemistry of the SMe group was appropriate for the inten-
ded syn elimination which provided 12.8. At this point, the re-
quired carbonyl group in ring B was introduced by four standard
operations (12.8/12.9): allylic bromination at C(16), treatment
with silver trifluoroacetate to replace the bromine, hydrolysis of
the resulting ester to a C(16) alcohol, and oxidation to a carbonyl
group.

The amino group of 12.9 was deprotected under acidic condi-
tions, and it then underwent an intramolecular aza-Michael re-
action (see 12.10) to yield the b-ketoacid 12.11. This compound
looses carbon dioxide via the classical six-membered transition
state, and the resulting enolate undergoes a retro-Michael reaction
to afford (�)-GB 13. The conversion of (�)-GB 13 to (�)-himgaline
(3) was straightforward. Lewis acid catalyzed intramolecular Mi-
chael reaction, followed by stereoselective reduction of the car-
bonyl group, using a hydride source internally coordinated to the
C(19) tertiary hydroxyl, finished the first total synthesis of
(�)-himgaline.

3.2.3. Completion of the pentacyclic ABCDE system of (�)-GB 13:
ABC/ABCDE (Sarpong). Diastereocontrolled attachment of the
substituted pyridine ring 13.1 (the E ring precursor) to the tricyclic
intermediate 6.3 is a key step in Sarpong’s synthesis18 of (�)-GB 13
(Scheme 13). The stereochemistry of the angular hydrogen next to
the enone carbonyl group of 6.3 appears to direct the 1,2-addition,
and then hydrolysis of the silyl enol ether unit gave 13.2 (the trans-
decalin).

As mentioned earlier with respect to Sarpong’s approach, it
was necessary to epimerize C(18) in order to get the required cis
BC ring fusion, and to accomplish this step an allylic hydroxyl
transposition from C(8) to C(19) was required, so as to convert
13.2 into 13.3. After extensive screening of different conditions,
the use of the ParikheDoering reagent was identified as the most
effective method for this interconversion. With 13.3 in hand,
diastereocontrolled hydrogenation (which occurred from the de-
sired face) set the C(8) stereochemistry. The aryl bromide unit was
then converted into a boronate and the C(19) hydroxyl was oxi-
dized. With the ketone carbonyl present, the required epimeri-
zation at C(18) to afford 13.4 was easily achieved. At this stage, the
next step was construction of the C(5)eC(19) bond. The initial
approach was via halogenemetal exchange on the bromo analog
of 13.4 (Br instead of B) in the expectation that 1,2-addition to the
carbonyl would occur, but this approach failed. A reported pro-
cedure38 for the addition of arylboronic acids to ketones, using
a palladium catalyst, was also unsuccessful. These difficulties led
the Sarpong group to invent a new reactiondrhodium(I)-cata-
lyzed aryl boron addition to an unactivated carbonyl (13.4/13.5).
The shape of 13.4 ensures that attack of the aryl boron species
occurs from the exo face, as shown. The MeO group was then
replaced by a methyl group in three steps (13.5/13.6). Hydro-
genation then afforded the piperidine ring with all substituents
cis, hydrogenation having occurred very largely (ca. 8:1) from the
exo face. This step not only sets the cis fusion between rings D and
E but also the stereochemistry of the methyl group at C(2). The
keto group on ring B was also reduced during the hydrogenation.
From 13.7, Cbz protection of the amino group, oxidation of the
ring B hydroxyl with IBX, and deprotection of the nitrogen com-
pleted the synthesis of (�)-GB 13.
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3.2.4. Completion of the pentacyclic ABCDE system of both enantio-
mers of GB 13: ABCE/ABCDE (Movassaghi). The very advanced
stage ABCE intermediate 7.10, as a mixture of diastereoisomers,
made by Movassaghi17 (see Scheme 7) was converted into the
pentacyclic GB 13 core by a very short sequence, and then into GB
13 itself (Scheme 14). Hydrolysis of the silyl enol ether triggers an
enamine condensation with the C(19) ketone that is generated.
Reduction of the resulting imine gave 14.2 and, at this stage, it was
possible to separate the diastereomers; the desired one was con-
verted into (�)-GB 13 in three simple steps: protection of the
nitrogen with a Cbz group, generation of an enone by the action of
IBX on the C (16) enamine unit, and deprotection of the ring E
nitrogen. The whole sequence was repeated with the other en-
antiomer of the ring E segment (7.7) to produce the unnatural
(þ)-GB 13. With both enantiomers of GB 13 available the absolute
configuration of the natural material was easily assigned, as in-
dicated earlier.
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3.2.5. Completion of the hexacyclic ABCDEF system of (þ)-himgaline:
ABC/ABCDEF (Evans). The D ring synthesis developed by Evans
and Adams20 is very similar to Movassaghi’s approach. First, ring E
was formed from a linear chain attached to the ABC unit to obtain
an ABCE tetracyclic precursor, as shown in Scheme 15. Compound
8.12 was first treated with a palladium catalyst to effect removal
of the allyl group and allow spontaneous decarboxylation. Then
DBU-mediated acetonide elimination produced the allylic alcohol
15.1. Hydrogenation of the double bond in 15.1 from the more ac-
cessible under face, and simultaneous removal of the N-benzyl
group, followed by DesseMartin oxidation of the secondary hy-
droxyl, then produced the ABC system 15.2 with the desired cis BC
ring fusion.

From 15.2, an acid-mediated cyclization (CF3CO2H), similar to
that used by Baldwin11 during his biomimetic synthesis of
(þ)-himbacine (see Scheme 2), generated ring E in the form of the
cyclic imine 15.3. In the next step, an enamine cyclization in the
presence of acetic acid was used for generating ring D
(15.3/15.4/15.5). The stereochemical outcome at C(5) and C(19)
was the required natural stereochemistry, as observed in Movas-
saghi’s (�)-GB 13 synthesis (see Scheme 14, 7.10/14.1/14.2).
Hydride reduction of the iminium ion 15.5 in an axial directionwith
respect to the piperidine ring produced the required C(6) stereo-
chemistry, but the simultaneous unwanted reduction of the ketone
carbonyl in ring B could not be avoided. Oxidation (DesseMartin
periodinane) and N-protection (CbzCl) resulted in compound 15.6,
which has the required pentacyclic structure of ent-2. The double
bond in the B ringwas introduced by using IBX, and then removal of
the CBz group gave (þ)-GB 13. Conversion of ent-2 to ent-3 was
achieved via an intramolecular aza-Michael reaction (in the pres-
ence of acetic acid), followed by diastereocontrolled reduction
of the ketone carbonyl, as reported by Chackalamannil (see
Scheme 12).

3.2.6. Completion of the hexacyclic ABCDEF system of (�)-himgaline:
DE/ABDE/ABCDEF (Ma). Ma’s strategy21 was to make the DE
system, which was later combined with the intermediate 3.10
containing the A ring, and this step was followed by construction
of the B and C rings. From the above discussion of all the other
routes it is evident that Ma’s route bears no relationship to any of
them. His construction of the DE system was straightforward, as
shown in Scheme 16. Like Mander, he also started with the D ring,
but used cyclohexane-1,3-dione (10.7). Condensation of 10.7 with
the optically pure amino alcohol 10.6 having the proper C(2)
stereochemistry, followed by conversion of the primary hydroxyl
to a leaving group (bromide) and SN2 displacement, afforded 16.1.
Diastereocontrolled hydrogenation gave rise to the desired cis ring
fusion, the stereochemical outcome being controlled by the C(2)
methyl group. The ketone was also reduced under the hydroge-
nation conditions. Protection of the nitrogen (Boc) and IBX-
mediated oxidation generated enone 16.2. With this all-cis
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Scheme 17. The DE/ABDE/ABCDE Conversion

D. Bhattacharyya / Tetrahedron 67 (2011) 5525e55425536
piperidine DE unit in hand, Ma coupled it with 3.10da key step
where he implemented his convergent strategy, making the ap-
proach very efficient (Scheme 17). The silyl enol ether derived
from 3.10 underwent a MukaiyamaeMichael addition onto 16.2
from the exo face, thus generating the unwanted C(8) stereo-
chemistry as in 17.1. This was a mixture of C(9) epimers (3.5:1)
with the major product having the wrong C(9) stereochemistry.
Hence, at this stage, adjustment of both the C(8) and C(9) ster-
eocenters was necessary. IBX-mediated oxidation formed an
enone and DBU-induced epimerization fixed the C(9) stereo-
chemistry (see 17.2) as present in the target. Hydrogenation
[presumably from the exo face directed away from the C(2) methyl
group] gave a mixture of 17.3 and 17.4, the latter having the de-
sired C(8) stereochemistry. Compound 17.3 was oxidized back to
17.2 by DMP. With the proper C(8)eC(9) stereochemistry in the
ADE system 17.4, the next task was to convert the lactone to the B
ring. Ketal formation and reduction using LAH furnished the diol
17.5. After screening a number of conditions, it was found that
Swern oxidation in the presence of DBU instead of triethylamine39

was effective in producing the desired keto aldehyde, which then
d(�)-himgaline (Ma). *Single enantiomer.



D. Bhattacharyya / Tetrahedron 67 (2011) 5525e5542 5537
underwent intramolecular aldol condensation in situ to generate
the trans-decalins 17.6. This very advanced tetracyclic ABDE in-
termediate was converted into enone 17.7 by two simple oper-
ationsddehydration and acid hydrolysis. The final part of the
synthesis was to construct the C(18)eC(19) bond to form the five-
membered C ring, a step, which also produces the [3.2.1] bicyclic
moiety. This very late-stage C ring formation was achieved by
a novel methoddsamarium iodide mediated carbonylealkene
reductive coupling; this step is another strategic difference be-
tween Ma’s route and the other five syntheses of Class III alkaloids.
The reductive coupling went smoothly in refluxing THF, and DMP
oxidation of the mixture of products [17.8with some over-reduced
C(16) alcohol] gave 17.8. Two more simple steps, dehydrogenation
with IBX to generate the enone in the B ring and removal of the
nitrogen protecting group gave (�)-GB 13. Conversion of this
product to (�)-himgaline was done by essentially the same
method as used by both Evans and Chackalamannil. Before the
reductive coupling step 17.7/17.8, the existing C(8)eC(9) bond
can be axial or equatorial with respect to ring D, but only when it
is axial is cyclization geometrically possible, and the newly formed
C(18)eC(19) bond then has to be axial to ring D.
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3.2.7. Total synthesis of (þ)-GB 16 (Ma). Alongwith the synthesis of
(�)-GB 13 and (�)-himgaline, Ma’s group also reported21 the first
total synthesis of the pentacyclic alkaloid (þ)-GB 16, using an in-
termediate (17.4), which was prepared during the course of their
(�)-GB 13 work. The challenge involved in the synthesis of the
pentacyclic GB 16would appear to bemuch less than for other Class
III alkaloids because of the absence of the strained C ring, and hence
of the strained [3.2.1] bicyclic unit. Instead, the six-membered F
ring [NeC(18) bond] is present, but methods for its formation had
already been established in the GB 13/himgaline conversion
[(�)-2/(�)-3]. Compound 17.4 was advanced into the tetracyclic
GB 16 ABDE core (18.1) in a four step sequence (Scheme 18): re-
duction of the C(19) carbonyl, O-silylation, LAH reduction, and
DBU-mediated Swern oxidation, which was followed by in situ
intramolecular aldol condensation, this sequence being similar to
that used to convert 17.4 into 17.6 (see Scheme 17). Desilylation of
the TBS ether and oxidation yielded trione 18.2. Removal of the N-
protecting group, followed by intramolecular condensation with
the C(18) carbonyl finished the total synthesis. An attempt to reach
GB 16 from the even more advanced stage intermediate 17.6 from
their (�)-GB 13 work failed because the ketal protecting group at
C(19) could not be removed.
4. Analysis of routes to the Class II alkaloids

In the above sections, the six approaches to the penta- and
hexacyclic Class III galbulimima alkaloids have been analyzed; the
next section covers the two approaches for the Class II alkaloid
himandrine, structurally one of the most complex of the galbuli-
mima family. The synthesis of the racemic hexacyclic core of
himandrine by Mander will be analyzed first, followed by a dis-
cussion of the first total synthesis of (�)-himandrine, an achieve-
ment that was accomplished by Movassaghi.
4.1. Retrosynthetic analysis of the himandrine system

The hexacyclic core of himandrine (Class II) with its trans-dec-
alin, all-cis piperidine, and fused CDE systems is similar to the core
of the Class III alkaloids, but the five-membered F ring of himan-
drinewith its C(9) spiro center presents an additional complication.
In the case of the Class III alkaloid himgaline, it had been known
that the F ring could be generated from GB 13, as indicated earlier,
but for the F ring of himandrine such experimental precedent was
not available. The challenge of the F ring synthesis was overcome by
two completely different approaches, and the retrosynthesis is
shown in Scheme 19. From the analyses described so far, one ob-
vious disconnection of the hexacyclic core 19.1 is the NeC(9) bond,
which simplifies the structure to the pentacyclic GB 13 core 19.2. A
novel formal [3þ3] annulation [see C(5)eC(20) and C(7)eC(8)
disconnections], which was very different from his route to (�)-GB
13 (Scheme 14), and also more efficient, was employed by Movas-
saghi22 for building the D and E rings of 19.2 onto the tricyclic ABC
unit 19.3. The ABC system 19.3 resembles substructures already
discussed (see Scheme 3, 3.1).
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Scheme 20. Synthesis of (�)-hexacyclic core of himandrine (Mander).
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A different approach was chosen by Mander23which involved
synthesis of ring E at a very late stage from an intermediate of type
19.4 [see NeC(2) disconnection of 19.1]. Disconnection of the
NeC(6) bond in the pentacyclic system 19.4 gives an ABCD tetra-
cycle with a 1,5-dicarbonyl functionality (see 19.5). This type of
system can be obtained from a tetralin in which the benzene ring is
fused onto the D ring, as in 19.6dan approach similar to the
Mander route to racemic GB 13 (see Schemes 4 and 11).

4.1.1. Synthesis of the hexacyclic core of himandrine (Mander). The
same diazoketone15,16 that Mander used for his synthesis of
(�)-GB 13 (compound 4.3, Scheme 4) was also used23 for the
synthesis of the himandrine skeleton. Wolff ring contraction of 4.3
(Scheme 20) in the presence of methanol afforded the required
methyl ester, and the double bond in the eventual C ring was then
introduced by standard selenium chemistry (4.3/20.1). An endo-
selective DielseAlder reaction with 4.6, followed by hydrolysis of
the resulting enol ether, gave the cis-decalone 20.2. Hydrolysis of
the hindered methyl ester by the thiolate method was accompa-
nied by epimerization at C(15) to generate the required trans-
decalone 20.3, and the stage was now set for introducing the
nitrogen at C(9). This was achieved by converting the acid to its
acyl azide via the acid chloride, followed by Curtius rearrangement
and reaction of the resulting isocyanate with methoxide
(20.3/20.4). The success of this Curtius rearrangement was
a critical step as it generated the proper NeC(9) stereochemistry at
an early stage, thus simplifying the subsequent construction of the
spirocyclic F ring. With C(9)dthe eventual spiro centerdcorrectly
set, the next task was construction of ring E. Birch reduction,
similar to that shown in Scheme 11 for the synthesis of 11.1, served
to reduce both the benzene ring and the decalone carbonyl [C(16)].
Hydrolysis of the enol ether resulting from the Birch reduction,
and MOM protection of the C(16) hydroxyl, followed by acid-
mediated double bond isomerization to form a conjugated cyclo-
hexenone subunit, yielded 20.5. Attempted Eschenmoser frag-
mentation along the lines used in the synthesis of 11.3 (see
Scheme 11) with intermediate 20.5 failed, and so an alternative
approach was adopted. This involved reduction of the ketone,
dihydroxylation of the double bond to generate 20.6, and then
triol cleavage with lead tetraacetate to afford the 1,5-dicarbonyl
compound 20.7. Finally, the desired acetylene 20.8was obtained in
high yield using the BestmanneOhira reagent. Another lithium/
ammonia reduction then converted the alkyne to an alkene and
also gave a C(6) equatorial alcohol, which was converted to its
mesylate 20.9. The strained F ring was then generated by a high-
yielding intramolecular SN2 displacement initiated by deprotona-
tion of the nitrogen with sodium hydride. This reaction set the
desired C(6) stereochemistry. Thiolate-mediated hydrolysis of the
resulting carbamate then gave 20.10, at which point closure of the
E ring was performed by using an oxidative Wacker-like procedure
(20.10/20.11). Extensive screening was then required in order to
establish the proper conditions for reduction of the enamine 20.11,
but eventually an unusual catalyst-solvent combinationdRh/Al2O3
in hexafluoroisopropanoldwas found to effect the desired re-
duction. This hydrogenation from the axial (with respect to the E
ring) exo face controls the C(2) stereochemistry, and hydrolysis of
the MOM ether then released the hexacyclic core (19.1) of
himandrine. A notable difference between this route by Mander
and that used in his synthesis of GB 13 lies in the approach to the E
ring. Instead of a reductive cyclization (see 11.4/11.7) used for GB
13 (Scheme 11), construction of the himandrine skeleton relied on
an oxidative Wacker-like process.

4.1.2. First total synthesis of a Class II alkaloid: (�)-himandrine
(Movassaghi). Movassaghi has also reported extensive work on
himandrine and has achieved an impressive total synthesis of the
natural alkaloid.22,24 The route was strongly influenced by his
biosynthetic hypothesis26 as well as his experience in synthesizing
(�)-GB 13, and is very different fromMander’s approach, especially
as the NeC(9) bond was formed at a very late stagedjust a couple
of steps away from the final target. The enantiopure diol 21.1,
having the desired C(14) stereochemistry, was converted (Scheme
21) into 21.2 by a straightforward sequence of five steps: pro-
tection of the primary hydroxyl by silylation, protection of the
remaining secondary hydroxyl as a methyl ether, removal of the
silyl group, ParikheDoering oxidation to an aldehyde, and the first
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step of the CoreyeFuchs reaction, leading to the geminal dibro-
mide. Suzuki coupling with boronic acid 21.3 then afforded the
triene 21.4. This compound, in turn, was subjected to copper-
mediated Buchwald coupling with 2-azetidinone, so as to pro-
duce the unusual enamine structure 21.5. As described below, the
azetidinone played two roles, as was the case for the oxazolidinone
unit in Movassaghi’s synthesis of GB 13 (see Scheme 7). The ad-
vantage of using an azetidinone over an oxazolidinone was that the
formerdbut not the latterdrequired such mild conditions for hy-
drolysis (see 22.4/22.5, Scheme 22) that no elimination of the
C(14) methoxy group occurred. Desilylation of 21.5, ParikheDoer-
ing oxidation, silyl enol ether formation, and finally, cross me-
tathesis was used to convert 21.5 into the a,b-unsaturated aldehyde
21.6, and the stage was now set for an intramolecular DielseAlder
reaction. This was brought about by mild heating, and the process
followed the expected endo pathway to give, as the major product,
the trans-decalin 21.7 as a single isomer. Next, an intramolecular
Mukaiyama aldol reaction (21.7/21.8/21.9), followed by de-
hydration, generated the cis-fused ring C (21.9/21.10). This ionic
process for making ring C of (�)-himandrine stands in contrast to
the method that Chackalamannil and Movassaghi used in their
work on (�)-GB 13, as they both employed a radical cyclization to
generate the C ring (see Scheme 5, 5.9/5.11 and Scheme 7,
7.8/7.10).

With 21.10 in hand, Movassaghi attached the D and E rings by
using a formal [3þ3] annulation, which was a method his group
had developed previously.40 Application of this new procedure was
more effective for the D and E ring synthesis in (�)-himandrine
than the strategy used for the corresponding rings in the (�)-GB 13
synthesis (see 7.6/7.8 in Scheme 7 and 7.10/14.2 in Scheme 14).
The conversion of 21.10 into 22.4 was done without isolation of
intermediates (Scheme 22), and the sequence of reactions that was
used served to establish the correct stereochemistry at C(5), C(8),
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and C(20). During this sequence a single enantiomer of 22.1 un-
derwent 1,4-addition to the enone 21.10 from the less hindered exo
face. The resulting imine 22.2 tautomerized to an enamine (22.3),
which cyclized onto the C(20) carbonyl. Reduction of the resultant
imine 22.4 gave the required C(6) stereochemistry, and Cbz pro-
tection of the amine that was formed in the reduction, followed by
removal of the azetidinone unit, resulted in 22.5.

The next task was to introduce an ester functionality at C(17) on
ring B. Treatment of 22.5 with Vilsmeier’s reagent yielded the cyclic
vinyl ether 22.6, and oxidationwithDDQgave the unsaturated b-keto
aldehyde 22.7. The aldehyde group was converted to an ester (22.8),
using standard chemistry, and Cbz removal then afforded the pen-
tacyclic compound 22.9. Now the stage had been reached for con-
structing ring F. An oxidative spirocyclization was effected with
N-chlorosuccinimide to give 22.12 via the intermediate 22.11. Two
further simple stepsdreduction with sodium borohydride and ben-
zoylation then completed the first total synthesis of (�)-himandrine.

Formation of the C(9) spiro center (22.9/22.12) is an intricate
sequence and its mechanism was investigated by Movassaghi.
Exposure of 22.9 to deuterated methanol (Scheme 23) showed that
the C(9) hydrogen was exchanged with deuterium with retention
of configuration. This observation also proved that the piperidine
nitrogen is basic enough to cause deprotonation at C(9), and the
retention of the C(9) stereochemistry on exchange is consistent
with an intramolecular mechanism. Under the conditions of the
oxidative spirocyclization, the formation of N-chloro compound
23.2 (Scheme 23) was proved, as it was actually isolated from the
reaction mixture when the reaction was performed in benzene
instead of acetonitrile. However, isolated 23.2 failed to undergo the
required spirocyclization, presumably because the nitrogenwas not
basic enough to cause deprotonation at C(9) (no deuterium ex-
change was observed when 23.2 was dissolved in deuterated
methanol). However, 23.2 was converted to the spirocycle 22.12 in
the presence of the unchlorinated 22.9. This observation suggests
that an intermolecular N/C(17) chlorine transfer occurs from 23.2
to 22.9 to generate 22.11 via dienol 22.10, and 22.11 then undergoes
an intramolecular SN20 displacement, giving the observed 22.12. An
alternative pathway involving C(9) halogenation was regarded as
unlikely since placing a bulky protecting group on the C(20) alcohol
in order to shield C(17), prevented halogenation at C(17), and no
spirocyclization was then observed. The former mechanism is re-
lated to Movassaghi’s view of the biosynthetic route to Class II
alkaloids.26
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5. Conclusions

The total synthesis of himandrine represents the most advanced
work in this area and is also a highlight of organic synthesis. Much
of the progress on the synthesis of these structurally intricate
alkaloids was achieved by a graceful application of simple andwell-
known reactions, especially the asymmetric Michael reaction for
ring A; aldol condensation for ring B; DielseAlder cycloaddition for
the AB rings; samarium iodidemediated carbonyleenone reductive
coupling, radical cyclization andMukaiyama aldol condensation for
ring C; enamine cyclization for ring D; Birch reduction and
Eschenmoser fragmentation for ring E; and the aza-Michael
reaction and SN20 displacement for ring F. In a few situations,
these classical processes were supplemented by new methods, in
particular Sarpong’s D ring assembly for GB 13 introduced a rho-
dium-catalyzed addition of an arylborane to an unactivated
ketone, and Movassaghi developed a formal [3þ3] annulation in
the construction of ring D of himandrine. The syntheses show the
power of the classical methods and illustrate how attempts tomake
structurally complex natural products provide opportunities for
development of new reactions.41
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