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Abstract: Full details of the total synthesis of piericidin A1 and B1 and its extension to the preparation of
a series of key analogues are described including ent-piericidin A1 (ent-1), 4'-deshydroxypiericidin Al (58),
5'-desmethylpiericidin A1 (73), 4'-deshydroxy-5'-desmethylpiericidin Al (75), and the corresponding
analogues 51, 59, 76, and 77 bearing a simplified farnesyl side chain. The evaluation of these key analogues,
along with those derived from their further functionalizations, permitted a scan of the key structural features
providing new insights into the role of the substituents found in both the pyridyl core as well as the side
chain. A strategic late stage heterobenzylic Stille cross-coupling reaction of the pyridyl core with the fully
elaborated side chain permitted ready access to the analogues in which each half of the molecule could
be systematically and divergently modified. The pyridyl cores were assembled enlisting inverse electron
demand Diels—Alder reactions of N-sulfonyl-1-azabutadienes, while key elements of side chain syntheses
include an anti selective asymmetric aldol to install the C9 and C10 relative and absolute stereochemistry
(for natural and ent-1) and a modified Julia olefination for formation of the C5—C6 trans double bond with
convergent assemblage of the side chains.

Introduction OH 1, Piericidin A1, R=H
MeO . 2, Piericidin B1, R = Me
Piericidin A1 (1) is the prototypical member of an important & OR

class of biologically active natural products isolated from
Streptomyces mobaraensiad pactam(Figure 1) The most

widely recognized biological target df and members of this

natural product class is the mitochondrial electron transport chain o
protein NADH—-ubiquinone reductase (Complex 1), and the
piericidins are among the most potent inhibitors identified to
date K; = 0.6—-1.0 nM). Complex | mediates the transfer of
protons into the intermembrane space of the mitochondria OMe
through a NADH driven reduction of ubiquinon&)(to its Figure 1. Structure of Piericidin A1 and B1.

hydroguinoné, and the piericidins have contributed extensively
to the elucidation of the properties of this highly complex
enzyme? Although initially investigated as an insecticide, the

of interleukin-2 (IL-2) production in a cellular functional assay.
IL-2 is a regulator of many essential immune responses, and
e o L its overexpression is linked to malignancy, autoimmune diseases,
p!er|C|Q|ns hg\{e been f°‘%”0,' .to. exhibit a range of promising organ transplant rejection, and renal allograft rejection. Addi-
blol_og_lcal "’_‘Ct'v'ty' Sor_ne pler|C|d|_n'_5, haye be_eq show_n t(_) ?Xh'b't tionally, and of the most significance to our own interedts,
antimicrobial and antifungal activity with minimum inhibitory was identified as a highly selective antitumor agent with greater

corl;clenl'iratlohbs ZS I?w as;@/ml__, vr\‘/_r:;!e c;]the_rs have been shown selectivity and potency than those of the comparison standard
to block antibody formation (inhibit the immune response to mitomycin C8 In fact, a number of Complex | inhibitors from

antigen exposure) at the remarkably low concentration of 100 the rotenoid class of natural products, of which rotenafes(

e ey e

pg/mL:"" Most recently.1 was identified as a potentinhibitor o o rototynical member, have received considerable attention
* Department of Chemistry and the Skaggs Institute for Chemical @S anticancer agents and have exhibited efficacious in vivo

BiOJOQY- _ » activity in animal model$. Although the precise mechanism
Department of Molecular and Experimental Medicine. responsible for the selective antitumor activity of such Complex
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(3) Esposti, M. D.Biochim. Biophys. Actd998 1364 222. Nakashima, TJ. Antibiot. 1987, 40, 149.

(4) Yoshida, S.; Yoneyama, K.; Shiraishi, S.; Watanbe, A.; Takahaskight. (7) Ahn, S. C.; Kim, B. Y.; Oh, W. K.; Kang, D. O.; Heo, G. Y.; Kim, M. S.;
Biol. Chem.1977, 41, 849. Lee, M. S.; Ahn, J. SJ. Antibiot.2002 55, 1013.

(5) Kimura, K.; Takahashi, H.; Miyata, N.; Yoshihama, M.; Uramoto, M. (8) Kitaura, N.; Shirata, K.; Niwano, M.; Mimura, M.; Takahara, Y. Japanese
Antibiot. 1996 49, 697. Patent 05339156 A2, 1998hem. Abstr1994 120, 208590.

10.1021/ja0632862 CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 11799—11807 = 11799



Schnermann et al.

ARTICLES
OH
MeO Stille
| Coupling OH
1
MeO” N W
Wadsworth—-Horner—
OH ﬂ Emmons
MeO ® OTBS

/ |, I’\,I
N | Br BUSSn/Y\?I’\r: EI/H/\
e H
* ® @

ﬂ Julia  anti-aldol
Olefination
OBn
A X MeO._ OMe
or +
NP~ OMe . _OEt |
\ N MeO~ "OMe
PhO,S O  Me0,8 O

Figure 2. Retrosynthetic Analysis.

I inhibitors has not been fully elucidated, several explanations
have been advancé.'3

Despite this array of potentially useful biological activity,
no total synthesis of a member of this large class of natural
products had been described prior to our initial disclodtire.
Shortly following this preliminary disclosure, Phillips and Keaton
reported a complementary total synthesis 6)-{-demethyl-
piericidin A1, a natural product closely relatedé® In earlier

efforts directed at this family, a racemic synthesis of analogues

incorporating the full side chain, but a substituted benzene in
place of the substituted pyridine &f has been disclosed, and
an asymmetric synthesis of the €613 segment of the side
chain bearing the most recent stereochemical
(9R,10R) has been reported:” In addition, the preparation of

a N-sulfonyl-1-aza-1,3-butadieffewith tetramethoxyethere
followed by Lewis acid promoted aromatization for assemblage
of the functionalized pyridine co®€.Based on prior work with
such systems, an azadiene bearing an additional strong electron-
withdrawing group at C-2 would be expected to facilitate the
Diels—Alder reaction such that the fully substituted and sensitive
tetramethoxyethene could be anticipated to react under mild
conditions. Additional key elements of the approach include
the use of an asymmetric anti-aldol reaction to install the C9
and C10 relative and absolute stereochemistry, a modified Julia
olefination for formation of the C5C6 trans double bond with
convergent assemblage of the side chain, and a surprisingly
effective penultimate heterobenzylic Stille cross-coupling reac-
tion of the pyridyl core with the fully elaborated side chain.
Notably, the strategic late stage coupling of the fully function-
alized pyridyl core with the fully elaborated side chain was
anticipated to permit access to analogues in which either half
of the molecule could be systematically and divergéntly
altered.

Thus, in addition to the natural products, we were especially
interested in the synthesis of a series of analogues that would
define the key features of this class of molecules responsible
for their biological activity. Of particular interest was the
suggestion that the 4-hydroxypyridine &f as the pyridone
tautomer, mimics the quinone of ubquinone (coenzyme)Q,
with the side chain ofl mimicking the prenyl chain. This
apparent structural relationship has been confirmed through their
competitive binding against Complex |. However, competitive
substrate binding may not fully account for the inhibitory activ-

assignmentyy, as1 binds to at least two sites on Complex I: one compet-

itive with coenzyme Q and one competitive with rotenone,

several analogues bearing simplified side chains has beenygither of which are competitive with each otRé#2°Moreover

disclosed-®-20 Notably, and at the time that our work and that
of Phillips were conducted, the originally assigned absolute
stereochemistd} of the side chain substituents bfhad been

and although piericidin A1 competitively blocks the binding of
endogenous ubiquinone (the most upstream inhibition site of
the inhibitor-binding domain of Complex [), the majority of

challenged, reassigned, and remained to be unambiguouslyspecific Complex | inhibitors exhibit noncompetitive or un-

established?23
Herein we provide full details of this synthesis of piericidin

competitive behavior against the artificial substnaigecylubi-
quinone3® Thus, the absence of mutual exclusivity between the

Al and B1 by an approac_h that, like that of Phillips, established jnnibitor and the ubiquinone binding sites presents a major
the absolute stereochemistry of the natural products and reportypajienge in identifying the actual Complex | sites of action of
its subsequent extension to the synthesis and evaluation of &pese potent agents and their relation to the ubquinone reduction
series of key analogues (Figure 2). Central to the approach isgjtes31 Thys, the exact role of the apparent structural homology

the use of an inverse electron demand Diéddder reaction of
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betweerl and3 has not been fully established. It was envisioned
that a carefully constructed series of analogues could be used
to probe such questions.
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Total Synthesis of Piericidin A1 and Piericidin B1

Our initial objective was to use the Dietg\lder reaction of
tetramethoxyethene with-sulfonyl-1-azadiené3? bearing a
C4 benzyloxy substituent permitting direct access to the fully

X-ray crystal structures af3 and17.

Figure 3.

EtsN, CH,Cl,, 0°C, 20 min)2* Direct conversion of the ketone
10to 12 (MeSQNHo,, TiCly, 0°C, 1 h, 40%) was also possible
but was not pursued due to lower initial conversions. Treatment
of 12 with 8 (toluene, 5C°C, 18 h, 64% for two steps frorl)
smoothly afforded the [4- 2] cycloadductl3. As anticipated,

the electron-deficientl-sulfonyl-1-azadien&2 substituted with

the additional C2 electron-withdrawing substiti’&he partici-
pated in the DielsAlder reaction with the electron-rich
dienophile8 at or near room temperature even thougjlis
tetrasubstituted and sterically demanding. Despite its potential
hydrolytic lability, the cycloadduct3 (mp 116-118°C) proved
remarkably robust being isolated by conventional chromatog-
raphy on SiQ and its structure was confirmed by single-crystal
X-ray diffraction (Figure 3> Although efforts to induce
aromatization ofl3 under a variety of basic conditions were
surprisingly unsuccessful, having been anticipated to result from
a well-precedented C4 deprotonation and elimination of a C3
methoxy group followed by methanesulfonyl deprotonation and
loss of sulfene concurrent with C2 methoxy eliminatfihe

use of the Lewis acid BFOE® cleanly affected this transforma-
tion (CH,Cly, 0°C, 1 h, 88%). Reduction of the ethyl estet
with DIBALH (CH.Cl,, 0 °C, 1 h, 92%) was followed by
protection of the resulting alcoh&b as its TIPS ether provided
16 (TIPSCI, imidazole, DMF, 25°C, 18 h, 95%). We had
envisioned that directed lithiation of the pyridyl C4 position
followed by a borylation/oxidation sequence would serve to
introduce the remaining oxygen substitughThus, treatment

of 16 with excess base followed by trimethylborate (5 equiv of
BuLi, 6 equiv of B(OMe}, —78 °C, 1 h, 88%), and oxidative
cleavage of the resulting aryl boronate ester provided the
C-silylated productl7 resulting from both the desired C4
hydroxylation and a competitive reverse Brook rearrangement
of the benzylic TIPS ether under the strongly basic condit®ns.

substituted pyridine upon base-catalyzed aromatization (SchemeThis unexpected result was confirmed with an X-ray analysis

1). Conversion of the keton to the requisite azadiené
(PhSQNHSy, TiCly, 0 °C, 1 h, 20%) proved problematic pro-
viding 6 in low yields. Similarly, the alternative two-step
approach enlisting the oximé did not prove viable. More
significantly,N-sulfonyl-1-azadiené failed to react with either
8% or ethyl vinyl ether in an initial survey of reaction conditions.
Based on this initial finding, it was decided that the' C4
hydroxyl could be installed following the DietsAlder and

of 17 (Figure 3)3° The use of fewer equivalents of base resulted
in the product arising only from silyl migration indicating that
the primary site of the deprotonation under these conditions was
the benzylic center, and the use of alternative silyl ether protect-
ing groups (TBS and TBDPS) or the free alcoHd itself
resulted in lower yields of the didl9. The deprotection o017
proceeded cleanly and, interestingly, through @silylated
intermediatel8 resulting from an initial Brook rearrangement

aromatization sequence permitting the use of the less substitutedo give 19 (BusNF, THF, 25°C, 36 h, 96%). Thus, if the

and more electron-deficieM-sulfonyl-1-azadien&2 (Scheme

2). This key N-sulfonyl-1-aza-1,3-butadiene was accessed
through a two-step sequence initiated by oxime formation of
the ketonel 033 (NH,OH—HCI, EtOH, 25°C, 18 h, 96%). Treat-
ment of the oximell with EtsN and methylsulfinyl chloride
led to initial formation of theéD-methanesulfinate and its in situ
homolytic rearrangement to give sulfonylimia@ (CH3;SOCI,

(32) Synthesis described in the Supporting Information.

desilylation reaction was quenched after 30 min versus 36 h,
the intermediat®-silyl ether18 was isolated in yields as high

(33) Rambaud, M.; Bakasse, M.; Duguay, G.; VillierasSynthesi4< 988 564.

(34) Brown, C.; Hudson, R. F.; Record, K. A. F.Chem. Soc., Perkin Trans.
21978 822.

(35) The coordinates of the X-ray structures ¥ (CCDC 600039) and.7
(CCDC 600040) have been deposited with the Cambridge Crystallographic
Data Centre.

(36) Boger, D. L.; Nakahara, S. Org. Chem1991, 56, 880.

(37) Trecourt, F.; Mallet, M.; Mongin, F.; Queguiner, G.Org. Chem1994
59, 6173.

(38) Wright, A.; West, RJ. Am. Chem. S0d.974 96, 3214.

J. AM. CHEM. SOC. = VOL. 128, NO. 36, 2006 11801



ARTICLES Schnermann et al.

Scheme 3 Scheme 5. Synthesis of Piericidin A1 and B1
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(COClI),, EtsN ' '
T DMSO. 99% +BuONa, MeOH, 88% ':z, R'=H, RZ=Me

o 1) TBSCI OH OTBS ) . o
2 UBH, P chiral enolate derived fror24 providing 26 (84% ee, 23% for
W (21?265) H three steps td®7) from which the undesired diastereomers
2 P 27 proved difficult to separate. Consequently, we adopted a more
_ o ) N recent preparation of aldehy86 disclosed by Nak&8 utilizing
as 80%, and its resubjection to the reaction conditions for a 5 procedure developed by HeathcHanlisting 2 equiv of By
longer period resulted in clean conversion oi€oConversion  BOTf to promote an anti-selective aldol addition of the Evans
of 191to the heterobenzylic bromid® (1 equiv of CBk, 1 equiv  gptically active N-acyl oxazolidinone28. As our work pro-
of PhgP, CHCl,, 25°C, 30 min, 84%) p.rowd.ed asurprisingly  gressed, we also briefly examined the conditions recently dis-
stable partner for th_e_St|II_e cross-coupling given that the parent ¢josed by Evarfé for promoting such direct anti-aldol additions
2-bromomethyl pyridine is unstable to storage. _ of the optically activeN-acyl oxazolidinones. Thus, the reaction
We anticipated that a Juliakocienski olefinatio® coupling of 31 with 25 provided32 (MgCl,, TMSCI, E&N, EtOAc, 25°C,
would allow introduction of the requisite trans €86 alkene 24 h, 49%) in good yield and excellent diastereoselectivity.
while convergently assembling the side chain. Such an approachpygtection o2 (TBSCI, imidazole, DMF, 25C, 16 h) followed
necessitated the preparation of the vinyl iod&8that consti- by reduction with LiBH, (THF, MeOH, 0 to 25°C, 76% for
tutes the C2-C5 segment. This was accomplished through the o steps) provided an alternative and comparable approach to
reaction of alcohol2140 with 1-phenyl-H-tetrazole-5-thiol alcohol 27 which was oxidized to the aldehyd&0l” The
(PTSH) under Mitsunobu conditions (DEAD, 4 THF, 0°C, aldehyde30 was converted to alcohdd4 in two steps as
30 min, 71%) to provide thioethe22, which was cleanly  previously disclosed and oxidized under Swern conditions to
oxidized to the sulfon@3 with H,O,—ammonium molybdate give 35 ((COCI), DMSO, EtN, —78°C, 99%), Scheme 5. The
(EtOH-THF, 25°C, 6 h, 89%), Scheme 3. modified Julia coupling betweed5 and 23 cleanly provided
With this sulfone bearing the vinyl iodide in hand, the stage 3g (KHMDS, DME, —78°C, 18 h, 60%) with the trans alkene
was set for its coupling with the CEC13 side chain aldehyde  jsomer as the only detected product. Lithithalogen exchange
35, accessible from the known alcoh@I.1” Limitations in the of the vinyl iodide 36 upon treatment witm-BuLi, followed
reported synthesis of the alcoHl (problematic diastereomer by treatment of the vinyllithium with BsSnCl, provided the
separatior’y ultimately resulted in our use of a recently dis- vinyl stannanes7 (n-BuLi, —78 °C, 20 min; BuSnCl, 20 min,
closed and more effective asymmetric anti-aldol reaction for _7g g 25°C) for the Stille coupling with20.
the preparation 080 (Scheme 4}? _ In initial studies on this final coupling reaction, it was found
T.hus, Whltlng et al.l reportédthe preparation of the gldehydg that only the Pg{dba)y/t-BusP catalyst system employed by Fu
30 in their efforts directed at the piericidin Al side chain  ang co-workers was able to affect the desired reaction between
utilizing an asymmetric anti-ald®l of the aldehyde25 and the the bromide20 with the simplified vinyl stannan&0 (vide
infra).#¢ In these studies, it was found that coupling required
elevated temperatures, high catalyst loading, and LiCl as an
additive to achieve good conversions, which when applied to

MgCl,, TMSCI,
Et,N, 25

0]
49%

31

|

2
3

(39) Blakemore, P. R.; Cole, W. J.; Kocienski, P. J.; Morley,S&nlett1998
26

(40) Ndibwani, A.; Lamothe, S.; Guay, D.; Plante, R.; Soucy, P.; Goldstein, S.;
Deslongchamps, FCan. J. Chem1993 71, 695.
(41) Ahmed, A.; Hoegenauer, E. K.; Enev, V. S.; Hanbauer, M.; Kaehlig, H.;

Ohler, E.; Mulzer, JJ. Org. Chem2003 68, 3026. (44) Danda, H.; Hansen, M. M.; Heathcock, C. H.Org. Chem.199Q 55,
(42) Nakao, Y.; Yoshida, W. Y.; Takada, Y.; Kimura, J.; Yang, L.; Mooberry, 173.

S. L.; Scheuer, P. J. Nat. Prod.2004 67, 1332. (45) Evans, D. A,; Tedrow, J. S.; Shaw, J. T.; Downey, C.JWAm. Chem.
(43) Gennari, C.; Bernardi, A.; Colombo, L.; Scolastico,JCAm. Chem. Soc. So0c.2002 124, 392.

1985 107, 5812. (46) Littke, A. F.; Schwarz, L.; Fu, G. Cl. Am. Chem. So@002 124, 6343.
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the coupling of20 with 37 provided38in superb conversions
(Pd(dba), t-BusP, LiCl, dioxane, 70°C, 18 h, 74%) without
protection of the pyridyl phenol. Little or no reaction was
observed at room temperature, §PPd and (PhCNPdCh
failed to support the reaction, DMF (10C, 20%) was much

less effective as a solvent than dioxane, and the addition of base

(NaHCG;, i-PrNETt) did not affect or improve the conversions.
A final deprotection of the TBS eth@&8 (BusNF, THF, 50°C,
12 h, 93%) provided piericidin Al identical in all respects with

properties reported for the natural product (Scheme 5). However

the magnitude of the optical rotation for syntheti@and that
reported for natural ([o]p?® +1.8 (¢ 0.1, MeOH) for synthetic
1vs lit*” [a]p?® +1.0 (c 0.1, MeOH)) was not sufficient for an

unambiguous assignment of the absolute configuration. To more

confidently address this assignment, the conversiord ob
piericidin B1 @), which exhibits a larger optical rotation, was
conducted? Thus, selective protection of the pyridine hydroxyl
of 1 as its pivolate esteB9 (PivCl, HSQNBu,, aqueous 5 N
NaOH-CH,Cly, 30 min, 25°C, 92%), followed byO-methyla-
tion of the remaining secondary alcoht) (NaH, Mel, DMF,
25 °C, 1 h, 78%), and pivolate hydrolysis @0 (t-BuONa,
MeOH, 60°C, 3 h, 88%) provide@. The properties of synthetic
piericidin B1 proved identical in all respects to properties
reported for natura®, including its optical rotation (f]p%°> —7.3

(c 0.2, MeOH) vs lit® [0]p!® —6.5 (€ 3.2, MeOH)), thereby
confirming the absolute configuration assignmentXand 2.

Key Analogues

Following the completion of the total synthesis band 2,

Scheme 6. Synthesis of Analogues 43, 44, 45, and 46

OPiv
Dess-  MeO
MeO
NaBH,,  MeO
CeCl,

1:1
38% 42, MeO
38% 39

42, R = Piv
{BUONa, 79% ’
OAc ’ I:-43, R=H
MeO
1 AcCl
93%
° MeO
Dess—
Martn V€O

89%

MeO

45 R=Ac
46, R=H

NaHCO;, MeOH, 71% [__

of the oxazolidinone31l. The synthesis of the C10 hydroxy
diastereome43, as well as the C10 ketork, required protec-
tion of the C4 pyridyl phenol after it was established that direct
oxidation (Dess-Martin, PCC) ofl itself as well as Mitsunobu
inversion of the C10 hydroxy group of or 39 were not
straightforward. Thus, DesdMartin oxidation (CHCl,, 25°C,

30 min, 96%) of the pivolate est88, enlisted as an intermediate
in the total synthesis of piericidin B1, provided the ketatie
(Scheme 6). Luche reduction 41 (4 equiv of NaBH, 6 equiv

our efforts turned to the preparation and evaluation of a series of CeCh-7H,0, EtOH,—78 to 0°C) afforded a readily separable
of key analogues. Throughout our studies and the handling of 1:1 mixture of the desired C10 diastereon (38%) and

1, 2,17, 19, 20, and38, only the 4-hydroxypyridine tautomer,

regenerate@9 (38%) without competitive conjugate reduction.

and not the 4-pyridone tautomer, was observed even in protic Hydrolysis of the pivolate este2 (t-BuONa, MeOH, 60°C, 3

solvents. Provocatively, this suggests that the abilityl adb
bind and inhibit NADH-ubiquinone reductase (Complex ) may
result from mimicry of reduced coenzyme Q (hydroquinone)
rather than3 itself. Thus, modifications of the Cydroxyl
could directly address such questions. Similarly, modifications
to the side chain of the piericidins would permit the role of its
substituents to be more clearly defined.

Key Side Chain AnaloguesEarly studies on the piericidins
illustrated that simplifications in the side chain, mimicking that
found in coenzyme Q, provide derivatives that maintain much
of the potency of the natural produéfs'® However, all such
work was conducted only with an assessment of Complex |
inhibition and without regard for comparisons in subsequent

h, 79%) provided43, the C10 diastereomer of piericidin Al.
The corresponding ketoné6 was not accessible from the
pivolate ested1 requiring hydrolysis conditions that were too
harsh for41 to withstand. Consequently, piericidin A1 was
converted to acetatd4 (AcCl, HSQNBus, aqueous 5 N
NaOH-CH,Cl,, 25°C, 30 min, 93%), a key analogue bfin
its own right, which was oxidized to the ketod& (Dess-
Martin periodinane, CKCl,, 25 °C, 30 min, 89%). Mild
hydrolysis of45, also an interesting analogue bf provided
the ketone46 (NaHCG;, MeOH, 4 days, 71%).

Finally, two analogues containing simplified side chains were
prepared for comparison. The firstl, incorporates the farnesyl
side chain found in coenzyme @)( Thus, the vinyl stannane

cellular functional assays that would more specifically address 48, accessed from the known vinyl iodid&*° (n-BuLi, —78 °C,

their potential antitumor activity. The results of prior studies

20 min; BSnCl, 20 min,—78 to 25°C), was coupled witl20

would suggest that removal of C9 and C10 substituents and/orusing the conditions developed fir(Pd(dba), t-BusP, LiCl,
alterations of the stereochemistry might not have a significant dioxane, 70°C, 18 h) to provide51 (76%), an analogue first

impact!®1° Consequently, to further define the role of the side
chain C9 and C10 stereocentast-1, the inverted C10 hydroxy
diastereomen3, and the C10 ketond6, along with2, were

described in the studies of Rapoport (Schem T).addition,
53 incorporating a truncated side chain was also prepared.
Coupling of the vinyl stannar&0, derived from the known vinyl

viewed as key structures. The unnatural enantiomer of piericidin iodide 49°° (n-BuLi, —78 °C, 20 min; BySnCl, 20 min,—78

Al, entl in which both the C10 and C9 stereocenters are

to 25°C) afforded52 (Pdx(dba), t-BusP, LiCl, dioxane, 70C,

inverted, was accessed through a sequence identical to thatl8 h, 68%) which was deprotected (BIF, THF, 25°C, 8 h,

described for the total synthesis bfenlisting the enantiomer

83%) to afford53.

(47) Urakawa, A.; Sasaki, T.; Yoshida, K.; Otani, T.; Lei, Y.; Yun, WAntibiot.
1996 49, 1052.

(48) Takahashi, N.; Suzuki, A.; Kimura, Y.; Miyamoto, S.; Tamura, S.; Mitsui,
T.; Fukami, J.Agric. Biol. Chem1968 32, 1115.

(49) Svatos, A.; Urbanova, K.; Valterova, Collect. Czech. Chem. Commun
2002 67, 83.

(50) Andresen, G.; Eriksen, A. B.; Dalhus, B.; Gunderson, L. L.; Rise].F.
Chem. Soc., Perkin Trans.2D01, 1662.
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Scheme 7. Synthesis of Analogues 51 and 53 Scheme 9. Synthesis of Analogues 58 and 59
R/\(\/\r\/\( R/Y\OTBS MeO | SN CBry, PhsP MeO | XN
= OH 79% Z Br
BuLi; ,:47, R=1 BuLi: ,:49, R=1 MeO N 15 ? MeO N 56
Bu,;SnCl 48, R = SnBu; BuzSnCl 50, R = SnBujy Pd,(dba)
OH Buap, Licl MEONN OR
Pdx(dba); pMeo 56 +37 ———» | _
20 + 45 BYsP. LiC| 8%  Me0” N N NN Z
% e 7 =R =TBS
HF-pyridine, 54% [ o0 ~
Pdy(dba)s p1eO Pdy(dba)s MeO._~ 58, R=H
20 + 50 -BUP. LICI @ 56 + 48 BUsP. LiCl |
T 59% z
68% A A
MeO” N N NoR Me0™ N =
_ 59
BusNF, 83% [ o2 R =T8S
53, R=H Scheme 10
i o]
Scheme 8. Synthesis of Analogues 54 and 55 N MeSOCI
Y e] OEt CH2=CHMgBr Ot _EtN
OMe EtO X
, Ml MeO 0 o) Me02$ 0
90% NH,OH-HCI — 60, X =0
MeO 45% for 2 steps[—_>61 X =NOH
MeO MeO
MeO. __ 8 _MeO _BFsELO = |
51 Mel T B1%for . MeO T 88% x> OEt
90% MeO 2steps  MeO MeO™ N
MeOQS 063 O 64
' — _DIBALH _ _DBuli _ MeO._

Key Pyridyl Analogues. A key objective of the analogue oan OR 2) B(OMe)3 l 7
assessment was to probe the role of the pyridyl IG#iroxyl AcOOH  MeO R
group within 1. This was addressed both by its selective T'Pg'scgy' E:gi :PS STeer R= g:iggg%ée(z)s)
protection (i.e.44 and45) and with the total synthesis of-4 65 CBry, Phop 81 | BuNF, 69%

PRIT . . , s O] ’

deshydroxypiericidin A1%9). Thus, complementing the avail- e OH
ability of the labile C4 acetateg5and46 of piericidin A1 and MeO. Meo.
its C10 ketone, the hydrolytically stable Cahethyl ether54 j:jv | R
was prepared by selective methylation of piericidin A1 (Mel, MeO Gf; MeO” N
HSO;NBuy4, aqueos 5 N NaOH-CH,Cl,, 25 °C, 2 h, 90%), CBry. PhaP, 76&[:7:) 2 (B)H
Scheme 8. Similarly, C4henol methylation 051, bearing the 7 '
farnesyl side chain, was also conducted providitg(Mel, our knowledge, been conduct&iSince it represents a key
HSQNBus, aqueos 5 N NaOH-CH,Cl,, 25°C, 2 h, 90%).  sypstituent also found on the quinone of coenzyme Q, a pro-

More significantly, C4deshydroxypiericidin A1 %8) was nounced impact of this substituent might well help establish

prepared by total synthesis for examination. The availability of the apparent structural relationship between the piericidin pyridyl
the pyridyl alcoholl5, its one-step conversion to the Stille cross-  core and the coenzyme Q quinone/hydroquinone subunit. Conse-
coupling substrat&6 (1 equiv of CBE, 1 equiv of PRP, CH- quently, the synthetic approach was modified to access this
Cly, 25°C, 30 min, 79%), and its convergent coupling winh alternatively substituted pyridine core. This entailed conversion
constituting the fully functionalized piericidin Al side chain, of diethyl oxalate tg3-keto estel60 (CH,=CHMgBr, —78 °C)
provided57 (Pcx(dbay, t-BugP, LiCl, dioxane, 70C, 3 h, 66%)  followed by oxime formation to providél (NH,OH—HCI,
in two steps from materials available from the total synthesis EtOH, 18 h, 45% for two step$y.Treatment of the oximé1
of 1 and2 (Scheme 9). A final silyl ether deprotection 57 with methylsulfinyl chloride and BN (CHxCly, 0 °C, 20 min)
(HF—pyridine, 25°C, 48 h, 54%) provide®8. Similarly, the afforded theN-sulfonyl-1-azadien&2 which smoothly partici-
C4-deshydroxy analogue9 bearing the simplified farnesyl side  pated in the Diels Alder reaction with8 to yield cycloadduct
chain was prepared by Stille coupling ® with 48 to provide 63 (toluene, 50°C, 18 h, 51% for two steps fron®1).
59 (Pd(dba), t-BusP, LiCl, dioxane, 70°C, 3 h, 59%) in a  Aromatization upon treatment &3 with BFz:OEt, (CH,Cly,
single step (Scheme 9). Thus, an attribute of the route to 0 °C, 1 h, 88%) afforded the esté4 which was reduced with
piericidin that emerged from the failure éfto productively DIBALH (CHCl,, 0 °C, 1 h, 94%) to provide alcohd5 that
provide the fully substituted pyridyl core was the generation of was protected as the TIPS etl&& (TIPSCI, imidazole, DMF,
15and the post cycloaddition introduction of the’®gdroxyl 25°C, 18 h, 88%). Subjection @6 to the borylation/oxidation
group. Its availability, like that of a subsequent pyridyl core sequence afforded a mixture of tBe andO-silylated products
(65, Scheme 10), provided ready access to the correspondings7 and 68 (5 equiv of BuLi, 6 equiv of B(OMe) 1 h, 37%
C4-deshydroxypiericidin A1 analogues. (67) and 35% 68)). This mixture of products does not seem to
Preceding studies with simplified structures implicated the be a result of partial Brook rearrangement&&to 67 in the
C5 methyl group as a key pyridyl substituent, although studies course of the basic aqueous workup as both products are present
to probe its role with an intact piericidin structure have not, to by TLC prior to workup. Moreover extended exposure (18 h)
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Scheme 11. Synthesis of Analogues 73, 75, 76, and 77 Table 1. Compound Assessments
Pd,(dba) OH mitochondrial
2(aba)s, s
BuyP, LI MeO complexal inhibition L1b210
71+ 37 e compd ICs07 (NM) ICso” (NM)
(]
MeO 1 37 5
= entl 8.8 700
- 72,R=TBS 2 5.1 6
HF-pyridine, 87% _
Pdy(dba); MeO. 73,R=H 4 5.0 20
tBusP, LiCl OR 43 8.0 75
8O+3T — ow | 44 24 3
MeO” "N A A = 45 26 90
: 46 6.3 600
. 74, R =TBS 51 3.8 95
— 0
OH  HF-pyrdine, 73%[__ 7o' 2 _, 53 10 000 6000
Pdz(dbals, MeO 54 130 800
tBugP, LiCl
71+ 48 T 55 750 8000
° MeO 58 10 800
59 400 5000
Pdy(dba); MeO 73 4.0 2500
69 + 48 _{BYsP, LiC/ 75 9.0 4000
54% 76 110 5500
MeO 77 2200 20 000

aTests performed on bovine submitochondrial particles (SMP). Con-
- . centrations required for half-maximal inhibition, average efldetermina-
to the aqueous workup conditions does not change the ratio ofiions. b L1210 Cytotoxic activity, average of42 determinations performed

the products, suggesting the product mixture arises in the coursen triplicate.

of the reaction. Deprotection of tf&& and68 mixture (BuNF, . .

THF, 25 °C, 18 h, 69%) afforded70, and its subsequent pour_1c_is in the two_ assays are discussed separately below and
conversion to bromid€1 (1 equiv of CBg, 1 equiv of PPh qualified as to thqr relat|ons.h|p.. .

CHCl,, 76%) proceeded cleanly. To access the corresponding As preV|o'usI.y .d|sclosed, piericidin Al pr.oved .to be a potent
4'-deshydroxy-5desmethyl derivative$§5 was similarly con- Complex 1 inhibitor @, ICso = 3.7 nM) being slightly more

ted to the bromid&9 (1 iv of CBg, 1 iV of PP potent in our assay than piericidin BI,(I_C?50=_ 5.1_nM) an_d
\C/:el—z;élz %10/(:) rom! (1 equiv o b L equiv o B rotenone 4, 1ICso = 5.0 nM). Small modifications in the side

chain had little impact on this activity. Thu®-methylation of
the C10 alcoholZ, piericidin B1, 1Go = 5.0 nM), its conversion

methyl analogues bearing the piericidin side chain as well as tc; a:eltor:e46, IESO '=t6'3 n'lt\a)é alnct:i thf |gve;\;lon of Itthed c10
the simplified farnesyl side chain. As such, Stille coupling of 2'€ON0! Stereochemistry wi (ICso = 8 nM) resulted in

- . : modest<2-fold reductions in potency. More remarkabgnt
71with 37 afforded72 (Pdy(dba}, t-BusP, LiCl, dioxane, 70C, A
18 h, 62%) which Wag de(protzcted ?HEyridine, 25°C, 48 h, piericidin Al (ent1, |C59 = 8.8 nM), where both the C9 methyl
87%) to afford 5-desmethylpiericidin A173). Similarly and and C10 hydroxy are inverted, proved to be only 2.5-fold less

without optimization, &deshydroxy-5desmethylpiericidin Al potent than the natural product. Consistent with these observa-

. tions and with past studié8replacement of the side chain with
(75) was accessed through coupling @8 and 37 (Pdx(dba, R . . . .
t-BusP, LiCl, dioxane, 7GC, 3 h, 49%) followed by deprotec- the simplified farnesyl side chain lacking these substituents and

tion to give 75 (HF—pyridine, 25°C, 48 h, 73%), and the stereocenters provided an analodife(ICsp = 3.8 nM) that

corresponding farnesyl side chain bearing analogéesd77 was not distinguishable fror itself. Nonetheless, the impor-

. . tance of the presence of the side chain is clear 88&KICso =
were accessed through couplingywith 48 (Pdx(dba, t-BusP,
LiCl, dioxane, 70°C, 18 h, 58%) and9 with 48 (Pcb(dba), 10 000 nM) where the removal of the E&16 segment resulted

With heterobenzylic bromide89 and 71 in hand, we were
positioned to access'-8esmethyl and '4deshydroxy-5des-

t-BusP, LiCl, dioxane, 7G°C, 3 h, 54%), respectively. ina 1(55—_104 fold_loss_ in activity. In t(_)tal, these observatlons
are consistent with piericidin mimicking coenzyme Q leading
Compound Assessments to predictable simplifications in the inhibitor structures.

d However, as noted below, these simplifications and trends

The natural products and the key analogues were examine e : : X )
do not similarly track with the relative cytotoxic potencies of

for inhibition of Complex | as measured against submitochon- X
drial particle&! as well as for growth inhibition in a functional, "€ analogues. Rather, the cytotoxic potency of the analogues
cell-based cytotoxic assay enlisiting a mouse leukemia cell line droPped progressively with the significance of the structural
(L1210), Table 1. At the onset, it should be noted that the latter S'aNges in the side chain. Whereas piericidin B11Cso =
structure-activity relationship (SAR) data need not follow that  © nM) was equipotent with piericidin ALL(I1Cso = 5 nM), the

of the target-based assay of Complex I inhibition because of €10 alcohol diastereomds (ICso = 75 nM), the C10 ketone

the additional features such cell-based assays might select fo/+0 (ICso = 600 nM), andent1 (ICso = 700 nM) proved to be
(e.g., cell permeability). Moreover, it is not yet established that -2~ 150-fold less potent. Similarig1 (ICso = 95 nM) bearing

the cytotoxic activity of the piericidins is derived from Complex he simplified farnesyl side chain was found to be 20-fold less

| inhibition, and as such, the data derived from the cell-based POtent thart, andS3 (ICso = 6000 nM), lacking the CSC16
assay may reflect other or additional unidentified targets. Conse-S€9ment of the side chain, was expectedly 1000-fold less potent.

quently, the trends that emerged from the evaluation of com- This would suggest that either the cytotoxic activity of the
compounds is not derived solely from Complex I inhibition or

(51) Matsuno-Yagi, A.; Hatefi, YJ. Biol. Chem.1985 260, 14424. the side chain substituents and their stereochemistry contribute
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significantly to1 reaching its biological target in the functional R’
cellular assay. MeO.

The impact of the pyridyl C4hydroxyl group proved just as
interesting, especially on the inhibition of Complex | and in
light of the potential coenzyme Q structural relationship. :érendls fo:l?g eXp$gtgtiL<31r12s18flcCoenzymeQ mimic
Whereas its acetylatiodid, ICso = 24 nM; 45, ICso = 26 nM) omprex tigg x 10 50
or methylation 4, ICso = 130 nM) led to 7-fold and 35-fold

OH increases activity ca. 100-fold
R2 = Me increases activity ca. 30-fold

reductions in potency, its removal altogether withdéshy- Compd. R' R’ Complex I L1210
droxypiericidin 68, ICso = 10 nM) had a surprisingly modest IC,, oM IC,. nM
impact reducing the Complex | inhibition only 3-fold. In marked 51 OH  CH, 3.8 95
contrastO-methylation of the C4phenol §5, ICso = 750 nM) gg O%H“ gg= 471?)8 2888
as well as the removal _of the Cplheno_l_69, ICs0 = 40Q nM) _ 76 OH H : 110 5:500
in the analogues bearing the simplified farnesyl side chain 77 H H 2.200 20,000

reduced Complex | inhibitiorr 100-fold. These latter studies
support thg contention that piericidin A1 mimics.the coenzyme « Increases Complex | inhibition 1-200 fold
Q hydroquinone and that the Cydroxy group is central to R’ * Increases L1210 growth inhibition 2-20 fold
its activity, whereas the surprisingly potent inhibition by 4 MeO TORT 4/
deshydroxypiericidin A1%8) suggests that the natural products H \
side chain substituents may somehow compensate for losses in ~ MeO

binding affinity that result from modifications in the pyridyl
core.

With a notable exception, this modification or removal of Compd. R R’ Complex I L1210
the pyridyl C4 hydroxy group substantially reduced the IC,. nM IC,, nM
cytotoxic activity of the compounds. Th@methylation of the 1 OH  CH, 3.7 5
piericidin C4 phenol 64, ICso = 800 nM) or its removal g8, 54 OCH, CH, 130 800
IC50 = 800 nM) resulted in 200-fold reductions in cytotoxic gg (il C}IiI* i% 28280
activity, and the impact of these changes on the simplified 75 H H 9.0 4:000

analoguesh5 (ICsop = 8000 nM) and59 (ICso = 5000 nM)
bearing the farnesyl side chain was an even greater 1000-foldFgure 4. Key Comparisons.
loss in activity. The only exceptions to these generalizations
were the C4O-acetyl derivativesi4 (ICso = 3 nM) and45
(ICso = 90 nM). Thus, C40-acetyl piericidin A1l 44) was
found to be equally potent, or perhaps slightly more potent, than analogues bearing the farnesyl side chalf &nd 77) led to

1itself. Although surprising on the surface, this most likely is  o\,an further reductions in the cytotoxic activity (3= 5500
the result ofO-acetate hydrolysis in the cellular assay releasing 5,4 20 000 nM respectively).

the natural product itself. Similarlg5 was found to be roughly

6-fold more potent than the free phené® but still nearly  pain substituents of piericidin AL may impact Complex |
20-fold less potent thaf. inhibition and do so most productively and significantly when
The C3 methyl group of piericidin had a similar remarkable  key structural features of the pyridyl core are removed. Simi-
impact on the molecule’s properties. Its removal with 5 |arly, they enhance the cytotoxic activity of the compounds,
desmethylpiericidin A173, ICso = 4.0 nM) had little or no put their impact seems to be most significant if the pyridyl core
impaCt on Complex | inhibition, whereas its removal in the of 1 is intact. In contrast, the pyr|dy| C;hydroxy group and
analoguer6 (ICso = 110 nM) bearing the farnesyl side chain  the C8 methyl substituent appear more central to the molecule’s

nM). Significantly, this removal of the C3nethyl group had
an even larger impact on the cytotoxic activity than the critical
C4 hydroxy group. Incorporating these structural changes into

Clear from these comparisons is the observation that the side

reduced Complex | inhibition 30-fold relative to boii (ICso. properties since their modification or removal leads to reductions
= 3.8 nM) or1 (ICso = 3.7 nM). Just as remarkable, removing  in Complex | inhibition and even more significant reductions
both the C4hydroxyl and C5methyl groups with75 (ICso = in the cytotoxic activity where the intact pyridyl core appears

9.0 nM) only reduced the Complex I inhibition ca. 2-fold relative  most essential. The exception to this generalization is the
to piericidin Al itself, whereas this double modification in the ynusually potent Complex I inhibition t§8, 73, and75, where
analogue77 bearing the farnesyl side chain resulted in a the piericidin Al side chain (but not farnesyl) appears to com-
compound that was 500-fold less potent thahor 51. As such,  pensate for their removal (Figure 4). Significantly, the series
the surprisingly potent activity 6f3and especially5suggests  of analogues bearing the farnesyl side chain exhibit trends
that the natural prOdUCt side chain substituents (VS the farnesy|consistent with expectations of a Simp]e coenzyme Q mimic
side chain) somehow compensate for losses in binding affinity \where both the C4hydroxyl group and the C3nethyl group
that result from modifications in the pyridyl core. each increase either the Complex | inhibition or L1210 cyto-

In an interesting contrast, this removal of the pyridyl’'C5 toxicity approximately 36-100 fold with the former target-based
methyl group led to an ca& 500-fold loss in cytotoxic potency.  (Complex |) assay exhibiting Kgs approximately 10-fold lower
Thus, 3-desmethylpiericidin A173, ICso = 2500 nM) proved than those of the cell-based (L1210) assay. In marked contrast,
to be 500-fold less active than the natural product. Removing the series bearing the piericidin Al side chain exhibited much
both the C4 hydroxy group as well as the Chethyl group smaller +-2.5-fold losses in Complex | activity with removal
led to a compound that was even less pot&bf [Cso = 4000 of either the C4hydroxyl or C8 methyl group, while experi-
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encing even greater 26B00-fold losses in cytotoxic activity — approach that permitted access to structural analogues in which
in the cellular assay. Even so, this latter series remained roughlyeither half of the molecule could be divergently altered at a
10-fold more potent (220-fold) than the farnesyl series in the late stage.

cellular assay (L1210) and was typically much more potent  Thus, the studies were extended to include total syntheses of
(1—200-fold) against Complex | itself. Whether the lack of direct entpiericidin Al in which both the C9 and C10 stereocenters
correlation between the two series in the two assays reflectswere inverted, 4deshydroxypiericidin A1%8) and 3-desm-

the molecule’s ability to access Complex | in the cellular assay, ethylpiericidin (73) each lacking a key substituent of the putative
the more subtle distinctions between multiple binding sites on quinone mimic, 4deshydroxy-5desmethylpiericidin A175),
Complex | and their biological consequences, or even the and the simplified analoguesl, 59, 76, and 77 bearing an
intervention of additional biological targets remains to be unfunctionalized farnesyl side chain linked to the authentic,
established. 4'-deshydroxypyridyl, 5desmethylpyridyl, or 4deshydroxy-
5'-desmethylpyridyl core. The evaluation of these key analogues,
along with those derived from further functionalization of the
An effective and convergent total synthesis of piericidin A1 analogues and, permitted a scan of the key structural features

and B1 was developed which features a fadilsulfonyl-1- providing new insights into the role of substituents found on
azadiene inverse electron demand Digddder reaction con- both the pyridyl core and the side chain.

ducted at 50C to access the highly functionalized pyridyl core.

The side chain was prepared enlisting an asymmetric anti-aldol  Acknowledgment. We gratefully acknowledge the financial
reaction to install the C9 and C10 absolute stereochemistry andsupport of the National Institutes of Health (D.L.B. CA 42056
a trans-selective JukiaKocienski C5-C6 olefination to con- ~ and T.Y. GM 33712) and the Skaggs Institute for Chemical
vergently assemble the side chain. A surprisingly effective and Biology. M.J.S. is a Skaggs Fellow. F.A.R. acknowledges the
strategic late stage Stille cross-coupling reaction of the pyridyl American Cancer Society for a postdoctoral fellowship.

core (a heterobenzylic bromide) with the fully functionalized . . . . .
( y ) y Supporting Information Available: Full experimental details.

side chain was used to complete the synthesis. Not only did __ e . .
. ; . . This material is available free of charge via the Internet at
this serve as the first disclosed total synth¥si§ a member of
http://pubs.acs.org.

this natural product class permitting an unambiguous assignment
of the unresolved absolute stereochemistry, but it did so by an JA0632862

Conclusion
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