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Abstract: The first total synthesis of paraherquamide A, a potent anthelmintic agent isolated from various
Penicillium sp. with promising activity against drug-resistant intestinal parasites, is reported. Key steps in
this asymmetric, stereocontrolled total synthesis include a new enantioselective synthesis of a-alkylated-
pB-hydroxyproline derivatives to access the substituted proline nucleus and a highly diastereoselective
intramolecular Sy2' cyclization to generate the core bicyclo[2.2.2]diazaoctane ring system.

Introduction than aspiro-oxindole, and the asperparalines, which contain a
spiro-succinimidet! are also structurally comparable (Figure 1).
The paraherquamides have attracted considerable attention
due to their molecular complexity, intriguing biogenégi&and
biological activity. Some members, most notably paraherqua-
mide A, display potent anthelmintic activity and antinematodal
properties* Due to the appearance of drug resistance developed
by helminths, broad spectrum anthelmintic agents such as the
macrolide endectocides, benzimidazoles, tetrahydropyrimidines,
and imidazothiazoles are beginning to lose efficacy and there
has arisen an urgent need to discover new families of antipara-
sitic agents. The paraherquamides represent an entirely new
structural class of anthelmintic compounds, and as such, they
hold great potential as drugs for the treatment of intestinal para-
sites in animald® The mode of action of the paraherquamides
is, as yet, incompletely characterized, but recent work suggests
that they are selective competitive cholinergic antagodfsts.

The paraherquamides' are an unusual family of fungal
natural products which contain a bicyclo[2.2.2]diazaoctane core
structure, aspiro-oxindole, and a substituted proline moiety.
The parent member, paraherquamidels, {vas first isolated
from cultures ofPenicillium paraherqueby Yamazaki and co-
workers in 198Z. Since then, paraherquamides 82 VM55595,
VM55596, and VM55597, SB203105 and SB200437and
sclerotamide have been isolated from varioBenicilliumand
Aspergillusspecies. Marcfortines AC are structurally similar,
containing a pipecolic acid unit in place of prolihdlso closely
related are VM55599 aspergamides A and Bavrainvillamide
(CJ-17,665% and the most recently isolated members of this
family, stephacidins A and B®.These last six compounds
contain a 2,3-disubstituted indole in place of #péro-oxindole.
Brevianamides A and B} which contain aspirc-indoxyl rather
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Figure 1. Structures of some paraherquamides and related compounds.

Scheme 1. Retrosynthetic Plan for Paraherquamide A
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Synthesis of an a-Alkylated-f-Hydroxyproline

Despite the apparent similarity in the structures of paraher-
guamides A and B, synthesis of the former turned out to be a
significantly more challenging endeavor owing to the presence

The small quantities of paraherquamide A that can be isolatedof the unusualg-hydroxy-g-methyl proline residue. In the
from cultures for biological study have slowed the development semisynthesis of paraherquamide A from marcfortin@)the
of these agents. Recently, Lee and Clothier reported thefinal step was addition of methylmagnesium bromide to 14-

interesting semisynthetic conversion of marcfortine 3), @

oxoparaherquamide B14)1” We planned to use this same

metabolite more readily available by fermentation, into para- methodology to complete our total synthesis and to construct

herquamide A via paraherquamide B.{" Following synthetic
studies on brevianamide B2)!8 our laboratory reported the

14 using a similar strategy to that used for paraherquamide B,
that is, coupling of suitably functionalized indold9) and

first total synthesis of a member of the paraherquamide family, diketopiperazine 18) units and then an intramoleculag2s
ent-paraherquamide B, in 1993, in which a diastereoselective cyclization followed by palladium-mediated closure of the

intramolecular §2' cyclization reaction was used to construct
the core bicyclo[2.2.2]diazaoctane ring systémie have

seventh ring, and finally oxidation and rearrangement of the
2,3-disubstituted indole to thepiro-oxindole of 14-oxopara-

further exploited this reaction strategy, and we described the herquamide B (Scheme 1).

first total synthesis of paraherquamide A in 260®1erein, we
detail a full account of this work.
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New methodology was now required to prepare a suitably
functionalizeda-alkylatedg-hydroxyproline residue. A variety
of methods were investigated for the asymmetric construction
of this class of compound, leading to the development of a
potentially general synthetic method which uses dianion alky-
lation of the readily availablbl-t-BOC-j-hydroxyproline ethyl
ester derivativd 2 with net retention of stereochemis#yThis
methodology has now successfully been applied to a concise
asymmetric and stereocontrolled total synthesis of paraherqua-
mide A.

Epoxide 20, which is commercially available or made by
epoxidation of isoprene withmCPBA, was treated with
n-BwNI and TBSCI to provide iodid21 as a mixture of geo-
metrical isomersK:Z ~ 6:1) in 58% overall yield. Dieste22
was prepared in two steps from ethyl glycinate and ethyl acry-
late, and then a Dieckmann cyclization was conducted, using a
slight modification of the procedure described by Rapoport,

(21) williams, R. M.; Cao, Jjiissiastemiagtt1996,37, 5441—5444.
(22) (a) Blake, J.; Willson, C. D.; Rapoport, d.964, 86,
5293—-5299. For more regioselective methods, see: Yamada, Y.; Ishii,
T.; Kimura, M.; Hosaka, K tt1981,22, 1353—1354. (c)
Sibi, M. P.; Christensen, J. W.; Kim, S.-G.; Eggen, M.; Stessman, C.; Oien,
|
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BOC Scheme 3. Assignment of Absolute Chemistry of 25
N._CO,Et BOC BOC
(_F/\/\B COuEt 1. NaH, CSy, Mel, THF O
H OH q/ﬁ/\mss 2. BugSnH, AIBN, PhMe (—r/\f\oms
26 H OH e 54% Me

Figure 2. Assignment of relative stereochemistry 25.

Scheme 2. Synthesis of a-Alkylated-3-Hydroxyproline 25
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0.
r
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2. BOC,0, NaOH, H,0 37%
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BOC baker's BOC BOC
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(—( 84% QH HMPA, 21 q/YOTBS
o . H OH H OH M
er=95:5 58-70% e
23 24 25

to yield racemicf-ketoester23 (Scheme 2). Baker’s yeast
reduction afforded the optically actiy&hydroxyeste24 with

an enantiomeric ratio of ca. 95:5 as described by Knight €t al.
Alkylation of the dianion of24 with substituted allyl iodid@1
proceeded with retention of stereochemistry and excellent
diastereoselectivity under the conditions previously devel&ped.
The desired-alkylated produc®5 was obtained in 5870%
isolated yield with little or noO-monoalkylation orO-,C-
dialkylation taking place. It was interesting to note during large
scale synthesis &5 that the amount of HMPA required in the
alkylation reaction ranged from 1.4 to 13.6 equiv depending
on the batch of24 that was used, despite the batches being
apparently identical b{H NMR, IR, TLC, and optical rotation.
The reasons for this phenomenon are presently unédear.

The assignment of the relative stereochemistry2bfwas
obtained by comparison of thHé1 NMR and optical rotation
data of25 to those 0f26, which was obtained by alkylation of
24 with 1,4-dibromobutane. The relative stereochemistrg®f
was assigned unambiguously through single-crystal X-ray
analysis (Figure 23! The absolute stereochemistry 26 was
confirmed by Barton deoxygenation and conversion to dike-
topiperazine(+)-29 as illustrated in Scheme 3. This same
diketopiperazine could be obtained, as the enantiomer, 8@&m
This compound has previously been converteditpgaraher-

2. BrCH,COBr
CHaClp, KoCO3

84%

OY\NH

e

gCOgEt
/\r\OTBS MeOH

97%

/\(\OTBS

28 (+)-29
1. NaBH,4, MeOH
2. TBSCI, DMF, EtsN

OY\NH

N0
</5 ~""0TBS

20%

Me
(-)-29
Scheme 4. Preparation of the Diketopiperazine 34
BOC
N__CO,Et 1. MOMCI, iProNEt COoEt
q/\r\oms 2. ZnBry, GHyCl, 1 oTtBS
H OH Me 86% OMOM Me
25 31
o)
1.KpCO3, BrCHCOBr NONH,
OOl NocogE  PhMe HMPANaH
2. NHg, MeOH ’ oTBS  84-93%
94% OMOM Me
32 CO,Me
o o)
NH NCOM
TIA n-BuLi, CICO,Me, -78°C; 2Me
/=0 —_— =0
“—x""OTBS CICO;Me, LHMDS “—x0TBS|
omom Me 93% omom Me
33 34
o) 0. 0.
NH NH
N e NHs, MeOH YN T\
N N__.COEt o
COEt —— > ~CO2 + " Me
” - IS
%Me 80% X Me e
OMOM Me OMOM Me OMOM
(£)-35 (+)-36 (£)-37

However, because of problems with selectivity and purification
later in the synthesis, the less bulky and more polar methoxy-
methyl (MOM) protecting group was used in the final synthetic
route. After MOM protection of the alcohol, thét-BOC group
was smoothly removed with ZnBin dichloromethar® and

the exposed secondary amin&l) was acetylated with bro-
moacetyl bromide under SchotteBaumann conditions (Scheme
4). Treatment of the bromoacetamide with methanolic ammonia

guamide B, a substance whose absolute stereochemistry has beeafforded the corresponding glycinamid®| which was directly

confirmed?®
Synthesis of a Functionalized Diketopiperazine

It was necessary to convert the substituted prol2® (nto
a suitably functionalized diketopiperazine for a similar Somei
Kametani coupling reaction to that used in our total synthesis
of paraherquamide B. Initial studies on this system were carried
out with the secondary alcohol protected as a benzyl ether.

(23) (a) Cooper, J.; Gallagher, P. T.; Knight, D. WChem. Soc., Perkin Trans.
11993 1313-1317. For alternative baker's yeast reductions, see: (b) Sibi,
M. P.; Christensen, J. Mmggq 31, 5689-5692. (c) Bhide,
R.; Mortezaei, R.; Scilimati, A.; Sih, C. jaiasiassusmiagtt1990, 31,
4827—-4830
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subjected to cyclization in the presence of sodium hydride in
toluene/HMPA to afford the bicyclic compoungB in 75%
overall yield from25. An interesting observation about the ease
of closure of hydroxylated diketopiperazines was made during
this study. When there is no hydroxyl substituent (e.g28h

or the protected hydroxyl group igans to the ester, the
diketopiperazine typically forms spontaneously from the ami-
noester in methanol at room temperature. On the other hand, a
cis-isomer such a81 can be isolated as the aminoester from
the amination reaction, and formation of the diketopiperazine
requires much more forcing conditions. On amination of a

(25) Nigam, S. C.; Mann, A.; Taddei, M.; Wermuth, C.-fiiiaiSiieiy N
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Scheme 5. Preparation of the Gramine Derivative 51
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OZN OMe
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X
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N . > N
HO N 78eC HO H Cs2C03, DMF
OMe OH /
10
43 99% (ref. 19) 45 58-70%  Me

7 eq imidazole

9
74% (43) CIHEH2N:©/\COZHI

44 acid-soluble
by-product

1. m-CPBA, NaHCO3, CHoCly 0
O o) N
Me o H
Me
47

NMe2

2.8nCly, THF
64% (ref. 19)
46

TBSO

uny
[@)

Me

HCHO, Me,NH
AcOH, H,0

—> O
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1?

mixture of diastereomeric bromoacetami@®es the aminoester
36 and the diketopiperazin87 are produced. This is pre-
sumably because thas-diketopiperazine is significantly more
sterically hindered. After diketopiperazine formation, a one-

approach circumvents these problems. Instead, we directly used
the mixture of nitrobenzaldehyde®® and 40. After a three-
step transformatio?® 39 provided the desired acidll, and40
provided the undesired aci#P. Reduction of the nitro group

pot double carbomethoxylation reaction was performed by the was originally carried out in 95% yield by hydrogenation over

sequential addition ofi-BuLi in THF followed by addition of
methylchloroformate, which carbomethoxylates the amide ni-

palladium on carbon at 40 psi and 8D. However, this protocol
could prove awkward on a large scale, so an alternative approach

trogen. Subsequent addition of more methylchloroformate was developed using iron and NEI2° which, while the yield

followed by LHMDS afforded34 in 93% yield as an~6:1
mixture ofE andZ isomers, with the newly created stereogenic

(74%) is more moderate, proved easier to scale-up. On reduction
to the corresponding amines, the amine intermediate #&m

center as a single stereoisomer (relative configuration was notcyclized to oxindole43, but42 was simply reduced to amino

assigned).
Improved Synthesis of the Gramine Derivative

With this functionalized diketopiperazine in hand, we turned
our attention to improvement of the synthesis of the dioxepin-
containing indole fragment that we originally described in
199026 The original route provides compourid in 14 steps
with no chromatography required until the ninth step. However,

acid 44, which cannot undergo an intramolecular cyclization
reaction due to geometric restriction. On extraction of the reac-
tion mixture, the amino acid4d) was removed with aqueous
acid leaving the oxindole4@) in the organic phase. Demethy-
lation then proceeded smoothly as already described to give
4530

Prenylation of45 is partially selective for the 7-hydroxy
position due to the greater acidity of this hydroxyl group.

further optimization was necessary to achieve a more rapid andHowever, under the prenylation conditions originally developed
efficient large-scale synthesis. The route we have developed isfor paraherquamide B, small amounts of the 6-prenyloxy and
illustrated in Scheme 5. Vanillin (38) was acetylated with acetic 6,7-diprenyloxy isomers were also formed, and the three
anhydride and then treated with fuming nitric acid to afford compounds are difficult to separate by flash chromatography.

39, the desired regioisomer, ad@, the undesired isomer, in

In this modification of our original route, replacement of the

an~10:1 ratio. Initially, these regioisomers were separated by base with CgCOs improves the selectivity and yield of6.

hydrolysis of the acetate group and isolation of the desired phe-

nol isomer by crystallizatioA? Analysis of the product mixture
by TLC revealed thaB9 had a lowelR; and40 had exactly the
sameRy as that of the starting material, and it was possible to
isolate39 by flash chromatography. However, neither purifica-

tion method proved optimal for a large-scale protocol. The new

(26) Williams, R. M.; Cushing, T. Diiatssiaassemgtt1990,31, 6325—6328.
[ —————
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(28) (a) MacDonald, S. FJ. Chem. Soc1948, 376—378. (b) Beer, R. J. S;;

Clarke, K.; Davenport, H. F.; Robertson, &. Chem. Soc1951, 2029—

2032.

Wissner, A.; Berger, D. M.; Boschelli, D. H.; Floyd, M. B., Jr.; Greenberger,

L. M.; Gruber, B. C.; Johnson, B. D.; Mamuya, N.; Nilakantan, R.; Reich,

M. F.; Shen, R.; Tsou, H.-R.; Upeslacis, E.; Wang, Y. F.; Wu, B.; Ye, F.;

Zhang, N.MMOOOAS, 3244—3256.

(30) Since this route was developed, McWhorter and Savall have published a
route to45 which is shorter and higher yielding, but the applicability of
their synthesis on a large scale has not yet been demonstrated. Savall, B.

(29)
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Scheme 6. Coupling of the Indole and Diketopiperazine

NMe,
> nBugP, MeCN
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_— —_——
Me H . .
M o 70% . LiCl, 105 °C
oTBs Me  g9%
5 Me
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—_—
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o I O_ Me o i O Me o / O_ Me
Me N Me N \)iMe
N (0] H o ) (e}
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syn 55 syn 57 syn 59 (69E/Z)
cl
Me
MsCl, collidine ~ MOMO, TBSOTf  MOMO,  PMe
T, 3 W
CH,Cly, 7 °C; " 2,6-lutidine
H HMPA, BugBnNCl CHoCly N H
o] / O_ Me o I O Me o) / O_ Me
Me
N oJiMe N ovr N oﬁ“”e
BOC OH BOC OH BOC OTBS
anti 58E anti 60E 76% anti62E 89%
syn 59E syn61E 90% syn 63E 79%
syn 592 syn61Z 75% syn63Z 75%

Extraction into base during the workup procedure also removes 3:1 ratio, each as a mixture of four diastereomers (Scheréie 6).
the diprenylated byproduct which allowed for easier purification. Decarbomethoxylation was effected by treatmerb»and53

A major problem in our first generation synthesis of the individually with LiCl in hot, aqueous HMPA to provide, in
gramine derivative was during reduction of the oxindole to the POth cases, a mixture & (anti-isomer) and5 (syn-isomer),
indole, when over-reduction to the indoline occurred in variable Which could now be separated into tReandZ isomers, each
quantities giving a ratio of 4:1 to 2:1 of indole/indoline. Attempts ©f Which as a mixture of two diastereomers (epimeric at the
were made, without success, to effect a more selective reductiond/oXepin secondary alcohol). However, as separation of the
of the oxindole. However, the problem was solved in an indirect 980Metric isomers proved to be difficult, the compounds were
fashion as it proved possible to oxidize the indoline byproduct USually carried through the synthetic sequence as a mixture and
to the indole with DD@ in greater than 90% yield. separated only for analytical purposes. Protection of the second-

. . . ary amide as the corresponding methyl lactim ether was
Formation Of TBS ethers on hmdered alcohols '.S kno_vvn to accomplished by treating4 and 55 with trimethyloxonium
be very sensitive to the concentration of the reaction mixture.

; . . . ) tetrafluoroborate and @80; in dichloromethane. Model studies
The silylation reaction was optimized by concentrating the had shown that GEOs; was a more efficient base than

rqactioq mixture to give an improved yield OT 95% f'rom. 82%. NaCO; for this reaction, as it leads to a lower incidence of
Finally indole 50 was converted to the gramine derivative TBS cleavage anh-methylation. Next, the indole nitrogen was
under standard conditions. The advantages of this new approadbrotected as the correspondiNg-BOC derivative by treatment
are significant in terms of increased yield, lower cost, and faster i, di-tert-butyl dicarbonate in the presence of DMAP, and
synthesis on a large scale. then the silyl ethers were removed with tetrabutylammonium
fluoride (TBAF) to provide58 (anti) and59 (syn). From this
point onward, theE and Z isomers were utilized separately.
Unfortunately, the Corey procedut&which had been successful

Coupling of the Indole and Diketopiperazine

Somei-Kametani coupling? of diketopiperazing&4 with the
gramine derivativeésl in the presence of tm-butylphosphine
gave a separable mixture of two diastereontErseind53 in a

(33) The stereochemistry at the newly formed stereogenic centéfsand53,
and in all subsequent compounds, was assigned on the basisNifIR
data. In compounds where the indole substituent is on the same face of the
diketopiperazine as the MOM ether, the signal for the methoxy group is at

(31) He, F.; Foxman, B. M.; Snider, B. jninmiismmiin 998 120, 6417
6418

32) (a) Sbmei, M.; Karasawa, Y.; Kaneko, Beterocycles1981.16. 941 —
949. (b) Kametani, T.; Kanaya, N.; Ihara, _ns.
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significantly higher field than in the situation where these two substituents
are on opposite faces. This is due to the proximity of the methoxy group
to the shielding effects of the aromatic system.

(34) Corey, E. J.; Kim, C. U.; Takeda, \innissiassesusiagtt1972,13, 4339—
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