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Manzacidins, a family of bromopyrrole alkaloids, have attracted much attention from the synthetic
community due to their intriguing structures, bearing chiral tertiary and secondary stereocentres in a
1,3-relationship, and biological activities. In this article, we summarise the approaches for the
preparation of manzacidins using novel synthetic methodologies. Organocatalysis and Lewis acid

catalysis, as well as transition-metal catalysis, offered efficient ways to access these molecules.

1 Introduction

Manzacidins A—C (Fig. 1) were first isolated from the Okinawan
sponge Hymeniacidon sp. by Kobayashi et al. as a small family
of the bromopyrrole alkaloids in 1991." Following this discov-
ery, manzacidin D from the coralline demosponge Astrosclera
willeyana* and N-methylmanzacidin C from the marine sponge
Axinella brevistyla® were identified as new analogs of the man-
zacidin family.* Despite the interesting pharmacological activities
of some bromopyrrole alkaloids, such as a-adrenoceptor blockers,
antagonists of the serotonergic receptor and actomyosin ATPase,
the scarcity of manzacidins in the marine natural source hampered
the evaluation of their biological activities.>® At the same time,
from the synthetic point of view, the structural uniqueness of
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Fig. 1 Structures of manzacidins.

manzacidins, containing a tetrahydropyrimidine core with the
asymmetric 1,3-quaternary-tertiary centres, was considered to
make them suitable target molecules to demonstrate the power
of novel synthetic methodologies.
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2 Diastereoselective Strecker reactions: the first total
syntheses of manzacidin A and C by the Ohfune group’

The first total syntheses and the determination of the absolute
configurations of manzacidin A and C appeared in 2000 by Ohfune
and co-workers.” The consideration of the biosynthetic pathway of
manzacidins led them to presume the relationship of manzacidin
A and C to be C-6 epimers with an identical S-configured C-
4 stereocentre. According to this assumption, (S)-allylglycinol 1,
which has the absolute stereochemistry corresponding to C-4 of
manzacidin A and C, was chosen as a starting material (Scheme 1).
This material could be readily available from L-allylglycine or N-
Boc-L-aspartate y-benzyl ester.® At first, amino alcohol 1 was
transformed into the key precursor for the diastereoselective
Strecker reaction (2) incorporating the L- or D-phenylalanine
moiety as a chiral auxiliary.® The imine formation and Strecker
reaction were carried out in one pot by sequential treatment with
TMSOTS and 2,6-lutidine,’ then TMSCN and ZnCl, to give
the corresponding amino nitrile 3 with the requisite quaternary
centre as a single diastereomer. The stereochemical outcome could
be easily rationalised by the preferential nucleophilic attack of
cyanide to the imine from the opposite face of the benzyl group.
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The stage was now set for the removal of the phenylalanine
moiety, which was found to be rather difficult. Consequently, the
amino nitrile 3a, containing the stereochemistries corresponding
to manzacidin A, was oxidized with ozone to give the imino ketone
4 (Scheme 2). Acidic treatment of this intermediate provided the
fully deprotected and hydrolysed diamino carboxylic acid, which
was further converted to Boc-protected amino alcohol 5 in 3 steps.
Oxidation of 5 furnished the lactone 6 by the preferential oxidation
of the less hindered alcohol, and successive acid-catalyzed Boc
removal and tetrahydropyrimidine ring formation with trimethyl
orthoformate provided the core unit of manzacidin A (7a). The
attachment of the bromopyrrole moiety by the treatment of 7a with
NaH followed by 8 in DMF completed the synthesis of manzacidin
A. Tt should be noted that this esterification condition was
generally applied to all of the succeeding syntheses of manzacidins.

The synthesis of manzacidin C was then examined using 3b
as a key intermediate (Scheme 3). Since the oxidation of 3b by
ozone was not fruitful, they implemented the rhenium-catalyzed
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N-oxidation and successive acidic hydrolysis. Treatment of
N-hydroxy compound 9 with concentrated HCI furnished the
unexpected product, cyclic urea 10, while yielding D-phenylalanine
as a side-product. Sequential deprotection—protection of 10 gave
the mixture of 11a, 11b and a small amount of the desired 12.
Undesired materials 11a and 11b were then converged to 12 by an
additional 2 steps. The endgame of the synthesis could be easily
completed by following the steps delineated in Scheme 3 to give
manzacidin C.

The synthetic compounds were identical in all aspects with
natural manzacidins including the sign of [a]p. Thus, the relative
and absolute configurations of manzacidin A and C were unam-
biguously established to be (4S,6R) and (4S,6S) respectively.

3 Rhodium-catalyzed stereospecific C—H amination:
syntheses of manzacidin A and C by the Du Bois

group'?

The Du Bois group has been extensively working on the oxidative
C-H amination by the use of rhodium catalysis.’* They set out
the syntheses of manzacidin A and C to highlight the distinctive
power of their stereospecific C-H amination strategy.'®

Their syntheses began with the chiral a-hydroxy ester 13,
which could be obtained in >90% ee by the use of Evans
and co-workers’ asymmetric ene reaction of ethyl glyoxylate.'*
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Diastereoselective hydrogenation of this material catalyzed by
cationic Rh(1) species was then examined to prepare appropriate
substrates for the successive C—H amination reaction (Scheme 4).
Use of (R)-PHANEPHOS as a chiral ligand favorably furnished
the hydrogenated compound 14a as a precursor for the synthesis
of manzacidin A, whereas the Rh(1)-(S,S)-Et-DuPHOS catalyzed
reaction yielded 14b exclusively.
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OTBDPS 14b
14a/14b = >5:95

Scheme 4

After sulfamoylation of 14a and separation of the minor
isomer derived from the concomitant 14b, the key stereospecific
rhodium-catalyzed C-H amination of 15a was carried out to
give the oxathiazinane 16a in 85% yield as a single isomer
(Scheme 5). Following N-Boc protection of 16a, the azide group
was introduced by the inversion of the configuration to give
17a. Hydrogenation of the azide, formylation of the so-obtained
amine and dehydration by POCI; afforded the Boc-protected
core unit 18a. Removal of protecting groups and attachment of
the bromopyrrole moiety completed the synthesis of manzacidin
A. Manzacidin C could also be successfully synthesised from 14b
by following the same procedure.
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Scheme 5

4 Asymmetric aza-Mannich reactions: synthesis of
manzacidin C at Johnson & Johnson'®

Lanter and co-workers at Johnson & Johnson developed the
intermolecular asymmetric aza-Mannich reactions and applied

this method to the synthesis of manzacidin C.”* By the use of the
sulfinimine strategy developed by Davis’s and Ellman’s groups,'®
they achieved the highly diastereoselective addition of chiral
N-tert-butylsulfinimines of methyl ketones (19) to (E)-N-tert-
butylsulfonyl (Bus) imines 20 to give B-sulfonamido sulfinylimines
21 (Scheme 6).
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R'=Ph R2 = t-Bu : 80%, dr =>99:1 (21c)

R' = BnOCH, R2 = PhCH=CH, : 85%, dr = >99:1 (21d)

Scheme 6

To demonstrate the synthetic utility of this aza-Mannich
approach, the synthesis of manzacidin C was implemented starting
from 21d (Scheme 7). Addition of methyl Grignard to the
imine proceeded in a highly diastereoselective manner, and the
following removal of the N-sulfinyl group by treatment with
HCI furnished the diamine 22. Incorporation of the formate
equivalent and acidic removal of the N-sulfonyl group provided 23
without epimerization. The olefin part of 23 was then converted
to the carboxylic acid by sequential ozonolysis and oxidation.
Deprotection of the benzyl group and esterification of so-obtained
7b by the procedure of Ohfune et al. completed the synthesis of
manzacidin C.

NH, NHB
1) MeMgr 2 us 1) ACOCH(OMe),
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2) HCI 2~ "Ph 2 HCIACOH
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Scheme 7

5 Lewis acid-catalyzed enantioselective 1,3-dipolar
cycloadditions of diazoacetates and a,p-unsaturated
carbonyls: synthesis of manzacidin A by the Maruoka
and Sibi groups!”-18

In 2006, we reported the chiral titanium Lewis acid-catalyzed
asymmetric 1,3-dipolar cycloadditions of a-substituted acroleins
24 and alkyl diazoacetates 25 as a means of produc-
ing 2-pyrazolines containing a chiral quaternary stereocentre
(Scheme 8)." The use of titanium BINOLate, composed of
(S)-BINOL and Ti(O'Pr), or {(‘PrO);Ti},0,” provided the cy-
cloadducts 26 in moderate yields with the enantiomeric excesses
ranging from 80 to 94%.

The highly functionalised nature of the cycloadduct containing
ester, aldehyde, imine and amine moieties was envisaged to be
a suitable precursor for the preparation of manzacidins. The
synthesis was initiated with the reduction of the aldehyde moiety
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titanium
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R' = Et R2 = {-Bu : 48%, 84% ee (26¢)
R'=cCy R2 = t-Bu : 77%, 94% ee (26d)

= BnOCH,CH, R2=t-Bu: 81%, 80% ee (26€)

Scheme 8

by NaBH, (Scheme 9). Methyl orthoformate was then introduced
to give the bicyclic compound 27 as a bench stable compound.
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N
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With this key intermediate in hand, we devised the one-pot
sequential transformations of 27 under hydrogenation conditions,
expecting the tandem hydrolytic release of the N-formyl group,
imine hydrogenation, reductive N-N bond cleavage and tetrahy-
dropyrimidine formation as shown in Scheme 10.

H
C=N bond OHC\N/N
CO,Et reduction HO

28 29

OHC~\~N

hydrolysis \
27 HO, CO,Et

N-Nbond  OHCsyy HoN HNTY

cleavage cyclisation
- HO\/‘\/LLL — — HO
30 CO.Et

Scheme 10

Several experiments unraveled the usefulness of the Raney
nickel-catalyzed hydrogenation in an 'PrOH-H,O co-solvent
system, giving the mixture of 7a and ent-7b. Involvement of
the hydrolysis of 27 to 28 at the first stage was experimentally
confirmed by the fact that the tandem reaction of 27 conducted
in the presence of only small amounts of water was found to
be very sluggish, while the reaction of the separately synthesized
compound 28 proceeded smoothly. The intermediacy of the imine
reduction product 29 could be ascertained by the LC-MS analysis
of the reaction showing the gradual accumulation of the peak at
m/z239.2 (29 + Na*). Cyclisation of diamine 30 to 31 seems to be
fast, since no peak corresponding to 30 was observed by LC-MS.

What we did not anticipate in this tandem reaction was the
rather good diastereoselectivity for the imine hydrogenation (dr =
85 : 15) and the ester hydrolysis in situ, giving the free carboxylic
acid 7a as a major product. As the Merck Frosst group’s research
on manzacidin D (vide infra) revealed the facile epimerisation
of the ester similar to 31 under basic conditions, we speculated
that the epimerisation of 31 might be rather feasible. In this
scenario, the tetrahydropyrimidine moiety of 31 might be acting
as a base (Scheme 11). The lactonisation could be facilitated when

P
HNT SN epimerisation HN™ SN
HO .
\/i\/kooza \/i\) ‘CO,E
¢ lactonisation
HNT XN HNTXN
hydrolysis )\)\
: :VH
COLH :
NS
H \O/\O
Scheme 11

the alcohol and ethyl ester moieties came to the cis-orientation.
The successive hydrolytic opening of the lactone would lead to the
preferential formation of 7a. The direct hydrolysis of the ester by
water or the partial epimerisation of 7a could be the pathway for
the formation of ent-7b.

Attachment of the bromopyrrole moiety to the mixture of 7a
and ent-7b, and separation of the diastereomers by preparative
HPLC provided the analytically pure manzacidin A in 50%
from 27, concomitant with a small amount of enr-manzacidin
C (Scheme 9). The distinctive feature of our method is the
avoidance of any protection—deprotection steps, which enabled
the expeditious synthesis of manzacidin A (only 5 steps starting
from the commercial sources).

Recently, Sibi and co-workers have developed the enantios-
elective 1,3-dipolar cycloadditions of diazoacetates and o,f-
unsaturated pyrazolidinone imides 32 using Mg(NTTf,),-33 as a
chiral Lewis acid catalyst (Scheme 12)."® The notable advantage
of this protocol was the applicability to various o- and/or f-
substituted unsaturated carbonyls providing the cycloadducts
in good yields with an excellent level of enantiocontrol. The
cycloadduct 34d was successfully converted to manzacidin A,
following the procedure developed by us.'™

0 o 33/Mg(NTf,), o R?
(10~30 mol %) R' ©
N Z  R2 Z)K?(Ycoza
N. R CHZClp, 4A MS /
+ —-20~50 °C HN—N 34

32 pn N2CHCOE

R'=H R2=Me:72%, 99% ee (34a)
o ¢} R'=H R2=Ph :54%, 90% ee (34b)
</| | R'=Me R2=Me : 52%, 98% ee (34c)

N N

R'=Me R2=H :99%, 97% ee (34d)

N 33

MeOQ
1) NaBH4 )\ /N

N
o CO,Et
27 (60%)

Scheme 12

manzacidin A
+

ent-manzacidin C

2 steps
34d

2) PPTS
HC(OMe),

6 Organocatalyzed asymmetric tandem conjugate
addition—protonation: formal syntheses of manzacidin
A and C by the Deng group?®”

Deng et al. have been working on the development of organocatal-
ysis, focusing on the use of cinchona alkaloids and their derivatives
as catalysts.?’ Along this line, asymmetric Michael addition of
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o-substituted cyanoacetates and ketones 35 to 2-chloroacrylo-
nitrile 36 was investigated using quinine- and quinidine-derived
catalysts with a C6-OH group as dual-function catalysts
(Scheme 13).2 The uniqueness of this catalytic system is the
two sequential stereo-induction steps comprised of asymmetric
conjugate addition and protonation, which enabled the formation
of 1,3-tertiary-quaternary centres with high stereoselectivities.

R
)ﬁ( NC_ _Cl 37 (20 mol %) CN
X Sremorm
toluene, rt T(i\)\CN
5 38
yield ee
R X  catalyst (%) dr (%)
-(CHyps- 37a 93 7:1 91 (38a)
Ph OEt 37b 85 41 88 (38b)
Me SMe 37b 71 10:1 93 (38¢)
R = 9-phenanthrenyl : 37
phenanfirenyl- 312 a1yl sMe  37b 60 7:1 89 (38d)

R =Ac :37b

Scheme 13

As 1,3-tertiary-quaternary centres were considered to be the
fundamental structure of manzacidins, they set out the formal syn-
thesis of manzacidin A starting from 38c obtained by the reaction
of 35 (R = Me, X = SMe) and 36 catalyzed by 37b (Scheme 14). To
introduce the nitrogen moiety to the carbon skeleton, nucleophilic
substitution of chloride to azide was first accomplished. Diol
39 could be obtained through the methanolysis of the less-
hindered cyanide group and the reduction of the thus-formed
ester and thioester. Silylation of the diol and hydrolysis of the
remaining cyanide by Ghaffar and Parkins’ procedure® provided
the amide 40. After the hydrogenation and Boc-protection of
40, the additional amine moiety could then be introduced by
Hoffman rearrangement.?® Desilylation of this compound led to
5, the common intermediate developed by Ohfune et al., thus
completing the formal synthesis of manzacidin A.

1) NaN3 CN Ng
s8c 2) TMSCI, MeOH H O\/i\/i\/ OH
3) NaBH,, Hg(OAc), H 39 (44%)
1) TBDPSCI, imid. HNOC  Ng
RO OR

2) [PtH(PMe,OH)(PMe,0),H]

H
40 (87%) R =TBDPS
1) PdIC, Hy, Boc,O (87%)

2) Pb(OAC)4 4 steps B
> 5(40%) manzacidin A
3) TBAF

Scheme 14

Shortly after this discovery, Deng et al. also reported a method
which bestows the complementary sense of diastereoselectivity
in this asymmetric tandem asymmetric conjugate addition—
protonation process by using the quinine- or quinidine-derived
catalyst bearing a thiourea moiety such as 41 (Scheme 15).2* By
the use of this method, Michael adduct 42, the diastereomer of
38c, with the (R)-configuration at the quaternary centre could be
obtained in 98% yield with 96% ee. Following the synthetic plan
described above, 42 was transformed into Boc-protected diamine
43 to complete the formal synthesis of manzacidin C.

Ar\ CN NC cl
+
OMe " ¥ MeSOC)\ \H/
NH l 41 (10 mol %)
toluene, rt
N N CN Cl
N = H

MeSOC” : CN
42 (98%, dr = 9:1, 96% ee)

41: Ar = 3,5-(CF3)2-CgHy

8 steps BocHN NHBoc 4 steps
42 __ ,HO f OH — > manzacidin C
= H

43 (1%, 94% ee, pure diastereomer)

Scheme 15

7 Diastereoselective isothiourea iodocyclization:
synthesis of (£)-manzacidin D at Merck Frosst**

A group at Merck Frosst planned to synthesize manzacidins by
the isothiourea cyclisation to give the heterocyclic core.* The
requisite substrate for the key cyclisation was easily prepared in 4
steps starting from benzophenone imine glycine terz-butyl ester 44
(Scheme 16). Namely, the alkylation of 44 with methallyl bromide,
followed by acid hydrolysis of benzophenone imine gave amino
acid ester 45, which in turn was sequentially treated with methyl
isothiocyanate and methyl iodide to give the isothiourea 46. By
conducting the reaction of 46 and IBr at low temperature, the
heterocycle 47 could be obtained in nearly quantitative yield with
exclusive stereoselectivity.

Ph N _-CO2tBU 1)\ NH,

4 Ph +)\/Br 2) HCI

)J\/ IBr \)§

— N N

CO,t-Bu —78°C,2h ) CO,t-Bu

46 (82%) 47 (95%, dr = >95:5)

1) MeNSC, py

45 CO2BU 2) Mel

Scheme 16

The remaining challenge to accomplish the synthesis was the
effective conversion of cyclic thiourea 48, which could be obtained
by the hydrolysis and demethylation of 47, to the tetrahydropy-
rimidine (Scheme 17). After some unfruitful experiments using

S
1) AQOCOCF, \NJ\NH H,0,-urea
7 — 48 (60%)
HO
2) HpS, py \/k\/}t\COzf-Bu
SN SNTXN
HO ANHCI
CO,t-Bu CO,H
H H
49 50 (75%, dr = 10~15:1)
gﬁfcoccn3
NH  NaH .
(x)-manzacidin D
70%

Scheme 17
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metal-promoted processes, the focus was then moved to the
desulfurisation under oxidative conditions.” Consequently, the
clean conversion of 48 to 49 was finally realised by treatment with
urea hydrogen peroxide. As the isolation of 49 by silica gel column
chromatography was problematic due to the epimerisation of the
a-carbon of the ester, the crude material was directly hydrolysed to
give 50 with minimal epimerisation. By the use of similar strategy
to Ohfune et al., the pyrrole moiety could be introduced to give
manzacidin D.

The additional notion of this synthesis is the potential utility of
phase-transfer catalyzed asymmetric alkylation of 44 using 51 as
catalyst, which is known to give the optically enriched intermediate
52 with 99% ee, as a means to provide optically pure manzacidin
D (Scheme 18).%¢

Ph.___N._CO.t-Bu

=
Ph  + a4
Br

51 (1 mol %)
toluene, 50% KOH

0°C
Ph N CO,t-Bu
S ey co

52 (89%, 99% ee)

Scheme 18

8 Structural revision of manzacidin B by the
syntheses of four possible isomers?’

Compared to the growing number of methods available for the
syntheses of manzacidin A, C and D as described above, the

WLNBoc 1)Ph3P=CHcozt-BujLNBoc OH 1) TCDI
o] T 0
™NCcHo 2 0804 NMO \)\H\COzf-Bu 2) NaNs
54 OH 55
%NBOC
H H
O H CO,t-Bu

cat. CuCl _N 1) 6N HCI
NBoc  CNCH,CO,t-Bu 57 N\ s8a 2) HC(OMe)s
S
: “CHO 3) 8, NaH
E WLNBOﬁ (53¢:53d = 2:1)
54 o ) Z _CO,t-Bu
O N 58

(87%, 58a:58b = 7:1)

synthesis of manzacidin B bearing one additional chiral centre
has remained elusive. In 2007, Ohfune, Shinada and co-workers,
who took a leading role in the syntheses of manzacidin A and
C, succeeded in confirming the relative and absolute structure of
manzacidin B by synthesizing all of its 4 possible diastereomers
(53a—d) with the fixed (6R)-configuration (Scheme 19).” The
optically active (R)-a-methyl Garner aldehyde 54, which could be
easily prepared by their own protocol in multigram quantities,*
was employed as a starting material for all syntheses. Thus,
the stereochemistries required for the syntheses of (4R,5S,6R)-
53a and (4S,5R,6R)-53b could be introduced by the Wittig
olefination of 54 and the osmium-catalyzed dihydroxylation of
the thus-formed (E)-olefin. The diol 55, isolated as a mixture
of two diastereomers, was converted to 56a and 56b by the
sequential treatment with 1,1’-thiocarbodiimidazole (TCDI) and
sodium azide.® After the separation of the two isomers, each
isomer was then transformed into the desired possible isomers of
manzacidin B by hydrogenation of the azide, global deprotection,
tetrahydropyrimidine formation and bromopyrrole attachment.
However, the spectra of 53a and 53b were not identical to natural
manzacidin B.

To access two other possible isomers, copper-catalyzed aldol
reaction of isonitrile 57 with aldehyde 54 was implemented with
consideration of the dominant formation of trans-oxazolines by
this method.” As anticipated, trans-oxazolines 58a and 58b could
be obtained in the ratio of 7 : 1 as an inseparable mixture.
Acidic removal of the protecting groups furnished the diamine
without changing the diastereomeric ratio. However, after the
final amidination and esterification, the products were obtained
as a 2 : 1 mixture of 53¢ and 53d along with the unexpected 53b.
This observation indicated the possibility of the epimerization
of 53¢ under the reaction conditions. This assumption was then
confirmed by the re-subjection of the isolated 53¢ to sodium
hydride in DMF, which actually led to the complete conversion of
53¢ to 53b. On the other hand, the other isomer 53d remained
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revised structure of manzacidin B
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intact under these basic conditions. Since the spectra of 53d
was identical to natural manzacidin B in all aspects, the relative
and absolute structure of manzacidin B was finally revised and
established as (4S5,5S,6R).

Conclusions

Based on the leading works of Ohfune er al, syntheses of
manzacidins became the appropriate scaffold to highlight the
utility of new synthetic methodologies. A few hundred milligrams
of manzacidins can be now available, thus enabling the evaluation
of their biological activities in depth. At the same time, this
research would allow facile access to the derivatives of manzacidins
for biological and medical studies.

However, the synthetic approaches reported to date seem to be
inapplicable to manzacidin B, a simple analogue which contains a
chiral secondary alcohol moiety in the tetrahydropyrimidine core.
The challenge still remains in the development of methods which
realise the concise and scalable total synthesis of manzacidin B.
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