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Scheme 3. Synthesis of “epi-himastatin” (1). a) 1. HATU, HOAL, collidine,
CH,Cl,, —10°C—RT, 65%; 2. TESOTI, 2.6-lutidine, CH,Cl,, 63%;
b) 1. [Pd(PPh;),], PhSiH;, THF; 2. H,, Pd/C, EtOAc, 40%; c) HOAt,
HATU, iPr,NEt, DMF; d) TBAF, THF, HOAc, 25% (from 14). HATU =
N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene]- N-
methylmethaneaminium  hexafluorophosphate, HOAt = 1-hydroxy-7-
aza-benzotriazole.
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Scheme 4. Synthesis of the “epi-himastatin” monomer (17).

isopropyl methyl groups of the synthetic syn-cis monomer 19
(6=0.92 and 0.88)["" were in much closer harmony with the
data (0=0.94 and 0.89)I'l of the degradation product of
himastatin (hitherto formulated as 2) than were those of the
synthetic anti-cis structure 18 (6 =0.78 and 0.62).
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Therefore, we postulated that the relationship of the cis
junction and the C,-carboxamido group in naturally occurring
himastatin is syn rather than anti, as previously proposed.
Given the chiroptical data accumulated in the Bristol Myers
Squibbs investigation,['’l we further favored a revision from a
D-tryptophan matrix to the L-tryptophan series. Thus, the
absolute stereochemistry of the pyrrolindoline junction re-
mains unchanged from the previous assignment. However, the
stereochemical assignment of the tricyclic carboxamido
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centers are reversed (S,S rather than R,R). The structure of
himastatin is thus assigned as 20, and that of its valinol
degradation product as 21. In the newly proposed structure of
himastatin, the components in the depsipeptide domain are
presented in alternating D and L configurations.'”! These
various proposals were validated when a total synthesis of
himastatin was realized.!'!]
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at the tryptophyl carboxyl stereogenic centers (C,) in each of
its two pyrroloindoline domains (see revised structure 1).
Here we describe the total synthesis of himastatin and confirm
the structural arguments.

1 himastatin

We first turned to the very important matter of gaining
stereospecific access to the syn-cis-pyrrolo[2,3-b]indoline
series.”! Many tryptophan-derived congeners were screened
as to their amenability for stereospecific oxidative cyclization
in the desired mode. The t-butyl ester of N,-trityl-L-trypto-
phan (2)P! gave, upon oxidation with 2,2 dimethyldioxirane, 3
in 70% yield, apparently unaccompanied by the anti-cis
diastereomer (Scheme 1). Following cleavage of the trityl

x RO CO,tBu
CO,tBu NP
»
@(Wm N
N

DMDO p2
CHCL, ,:3 R=P2=X=H; P'=Tr
b[_—’4 R=P'=P?=X=H
5 R=TBS;P'=P?=Cbz; X=H
¢ E6 R=TBS; P'=P?=Cbz; X =1
¢ [:7 R =TBS; P'= P?= Cbz; X = SnMe,

8 R=TBS;P‘=P2=Cbz;X=é

Scheme 1. Synthesis of 8. a) HOAc, MeOH, CH,Cl,; b) 1. CbzCl, pyridine,
CH,Cl,; 2. TBSCI, DBU, MeCN; c) ICl, 2,6-di-tert-butylpyridine, CH,Cl,,
75%; d) MeeSn,, [Pd(PPh;),], THF, 86 %; e) 6, [Pd,dba;], AsPh;, DMF,
45°C, 79%. Cbz=benzyloxycarbonyl, dba = dibenzylideneacetone,
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DMDO = 2,2-dimethyldioxi-
rane, TBS = tert-butyldimethylsilyl, Tr = trityl = triphenylmethyl.

group, the two amino groups of 4 were protected as
benzyloxycarbamate (N-Cbz) groups (—5). Upon reaction
with ICl, an iodine atom was introduced at Cs (—6). Part of
iodo compound 6 was converted into arylstannane 7. At this
stage, we could take advantage of our ability (as demonstrated
for the anti-cis series)!! to join sophisticated pyrroloindolines
through carbon —carbon bond formation by an extension of
the Stille reaction. Under these conditions, 6 and 7 were
coupled smoothly to produce 8.

A stereoselective route to the 5-hydroxypiperazic acid
started with the pentenoic acid derivative 9.9 Its sodium
enolate reacted with bis(tert-butyl) azodicarboxylate to pro-
duce, stereospecifically, 10 (Scheme 2) Cleavage of the acyl -
oxazolidinone bond was accomplished through the agency of
lithium hydroperoxide in THEF. Iodolactonization of the
resultant acid under the influence of titanium isopropoxide
gave the desired 2,4-cis compound 11 along with its trans
counterpart in a 6:1 ratio. The iodine functionality was
displaced upon deprotonation of the terminal Boc-protected
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Scheme 2. Synthesis of 12. a) NaHMDS, THF, —78°C, Boc—N=N—Boc,
80 %;b) LIOOH, THF, 89 %; c) NIS, Ti(OiPr),, 80 %; d) NaH, DMF, 74 %
e) 1. TFA, MeOH; 2. TeocCl, pyridine; 3. TBSOTT, 2,6-lutidine; 4. LiOH,
82 %. Bn =benzyl, Boc = tert-butoxycarbonyl, HMDS = hexamethyldisila-
zane, NIS = N-iodosuccinimide, Teoc = 2-(trimethylsilyl)ethyloxycarbonyl,
Tf = trifluoromethylsulfonyl, TFA = trifluoroacetic acid.

amino group, and an intramolecular N-alkylation took place
to form a bicyclic intermediate. Cleavage of both Boc
protecting groups and the lactone, acylation of the remote
amino group with TEOCCI (TEOC = 2-(trimethylsilyl)ethyl-
oxycarbonyl), protection of the alcohol functionality with a
silyl group, and ester hydrolysis led to 12.

The other four fragments which were employed in building
the peptidal domain were 1) the D-threonine derivative 13
(prepared from D-threonine), 2) FMOC-L-leucine (14, com-
mercially available), 3) the hydroxyisovaleryl derivative 15
(prepared from commercially available S-hydroxyisovaleric
acid), and 4) p-valine, as its TROC derivative 16 (Scheme 3).
Coupling of 13 with 14 was followed by cleavage of the FMOC
group to release the leucine amino functionality. Compound
17 was acylated with the piperazic acid (12) to provide 18. The
relatively unreactive N1 atom of the piperazic acid moiety in
18 was acylated by 15. Following liberation of the hydroxyl
functionality on the isovaleryl group (—19), acylation with 16,
and removal of the allyl ester and TEOC protecting groups,
the required 20 was in hand.

We next turned to the bis(pyrroloindoline) system 8
(Scheme 4). Significant restructuring of this domain was
necessary to render it suitable for initial attachment of the
depsipeptide domain (to the pyrroloindoline) as well as for
macrocyclization and deprotection. For instance, from paral-
lel studies on a related series, it became clear that we would
not be able to remove an angular fert-butyldimethylsilyl
(TBS) protecting group at C3a when the full macrocycle was
in place. Hence, the TBS blocking group was cleaved at the
stage of 8 to provide 21. Moreover, a triethylsilyl (TES)
functionality could be introduced at this point through the
agency of TESCI in the presence of DBU. The four Cbz
functionalities in 22 were discharged, giving rise to 23.
Following protection in the form of FMOC derivative 24,
the fert-butyl ester was transformed into the triethylsilyl ester
through the agency of triethylsilyl triflate and lutidine.
Hydrolysis of this triethylsilyl ester gave rise to 25, which
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Scheme 3. Synthesis of 20. a) FMOC-L-leucine (14), EDCI, DMAP,
CH,Cl,; 2. piperidine, CH;CN, 76 %; b) piperazic acid (12), HATU, HOAt,
collidine, CH,Cl,, 95 %; c) 1. collidine, CH,Cl,, 15; 2. piperidine, CH;CN,
96 %; d) 1, Troc-p-valine (16), IPCC, Et;N, DMAP, CH,Cl,; 2. ZnCl,,
CH;NO,; 3. TBSOTH{, 2,6-lutidine, CH,Cl,; 4. [Pd(PPh;),], PhSiH;, THEF,
72 % (4 steps). DMAP =4-(dimethylamino)pyridine, EDCI = 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide, FMOC = (9H-fluoren-9-ylmethoxy)-
carbonyl, HATU = N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-
ylmethylene]-N-methylmethaneaminium hexafluorophosphate, HOAt=
1-hydroxy-7-aza-benzotriazole, IPCC =isopropenyl chloroformate, Troc =
(2,2,2-trichloroethoxy)carbonyl.

e £ PO CO,tBu  TESQ CO,R
8 THF 2 .,NP2 TESOTf 2 o- NP
(91%) N/ 2,6-lutidine H/

[k} CH,Cl,
21 P'=H; P*=P?=Cbz p E25 P =FMOG; R =H
[: 22 P'=TES; P2= P*=Chz 26 P =FMOC;R = allyl

23 P'=TES; P2= P°=H 27 P=H;R=allyl

24 P'=TES; P’= FMOC; P*= H
Scheme 4. Synthesis of 27. a) TESCI, DBU, DMF (92%); b) H,, Pd/C,
EtOAc (100%); c¢) FMOC-HOSu, pyridine, CH,Cl, (95%); d) allyl
alcohol, DBAD, PPh;, THF (90 % from 24); e) piperidine, MeCN (74 % ).

DBAD =di-tert-butyl azodicarboxylate, HOSu = N-hydroxysuccinimide,
TBAF = tetrabutylammonium fluoride, TES = triethylsilyl.

was protected as its allyl ester derivative 26. Finally, the
FMOC functionalities were cleaved with piperidine, thereby
providing 27.

Based on pertinent model studies, we were confident that
acylation would occur at N;, of the pyrroloindoline moiety of
27 Indeed, coupling occurred smoothly at this center with the
threonine-derived carboxylic acid 20 to provide 28 in 60 %
yield (Scheme 5). Following deprotection of the allyl ester and
reductive cleavage of the TROC functionality, seco structure
29 was in hand. Fortunately, 29 underwent macrolactamiza-
tion mediated by HATU to give rise to the lactam ester 30.
In the last step of the synthesis the six silyl groups were
cleaved to provide himastatin (1). The '"H NMR spectrum of
fully synthetic himastatin was identical with that published for
the natural product. Furthermore, we independently meas-
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Scheme 5. Synthesis of himastatin (1). a) HATU, HOA, collidine, CH,Cl,,
—10°C — RT, 60 %; b) 1. [Pd(PPh;),], PhSiH;, THF; 2. Pb/Cd, NH,OAc,
THE, 56 %; c) HOAt, HATU, iPr,NEt, DMF; d) TBAF, THF, HOAc, 35 %
(from 29).

ured the 500-MHz spectrum of a tiny reference sample of
natural himastatin provided by the Bristol Myers Squibb
corporation. It was clear by an overlay of the richly detailed
spectra that the total synthesis of himastatin had at last been
accomplished. This work establishes the correctness of the
revised stereostructural formulation of himastatin. With
related methodology 31, containing the full depsipeptide
domain on the monomeric parent pyrroloindoline system, has
also been synthesized.

As a consequence of the himastatin program, we have
learned how to synthesize the pyrroloindoline system in
stereospecific form in either the anti-cis or syn-cis series. We
have demonstrated for the first time the applicability of an
extended Stille coupling to generate bis(pyrroloindoline)
structures in rather delicate and complex settings. The
parameters that allow for very subtle protection and depro-
tection operations of the pyrroloindoline structure have also
been established. The biological evaluation of various mono-
meric and dimeric congeners of himastatin will now proceed
in earnest.
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Cytochrome P450,,,, in the Resting State—
Investigations of Enzyme Models with Pulse
EPR and ENDOR Spectroscopy**
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The cytochrome P450 enzymes, ubiquitous in nature, are
heme —thiolate proteins which are important to the metabo-
lism of endogenous compounds and xenobiotics.l The
reactivity of these enzymes is associated with an iron(iir) —
protoporphyrin IX complex in the active site which is bound
to the protein through hydrogen bridges of the two propionate
side chains and through a thiolate ligand provided by a
cysteine residue; the thiolate ligand is coordinated to the iron
center from the proximal side of the porphyrin.

Our knowledge of various intermediates in the catalytic
cycle of cytochromes P450 (Scheme 1) relies on X-ray struc-
tures of different forms of cytochrome P450,,,,/* 3 and numer-
ous investigations on suitable model compounds.*! Accord-
ingly, the resting state of cytochrome P450,,,, (1) contains six
water molecules in the substrate binding domain (one water
molecule is coordinated to the iron center) which are all
displaced when the natural substrate camphor is bound. It was
recently suggested that Arg299, which according to the X-ray
structure forms a salt bridge with one of the heme propionate
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Scheme 1. Catalytic cycle of cytochrome P450.

groups, triggers the release of the active-site water cluster
through a pathway other than the substrate access channel.
On substrate binding, conformational changes of the propio-
nate/Arg299 domain open a channel to a water cluster located
close to the protein surface, on the proximal side of the
heme.P!

This change in the ligand sphere of iron is accompanied by a
change in the spin-state equilibrium from greater than 96 %
low-spin Fe!'! in the resting state 1 to predominantly high-spin
Fe' of the E-S complex 2.0 The redox potential of the
heme —thiolate protein also shifts from —300mV for 1 to
—175 mV for 2, rendering the latter capable of accepting an
electron from NADPH through the redox protein putida-
redoxin. Subsequently, the iron(1) complex 3 is formed, which
binds oxygen to yield 4. Reductive scission of the oxygen—
oxygen bond furnishes the iron(1v) oxo intermediate 5, which
allows, for example, O insertion into nonactivated C—H bonds
(see 6).1 Whether O insertion is in general a two-step process,
as shown in Scheme 1, or whether it can also proceed in a
concerted fashion is currently being disputed.’]

Ever since the water cluster was discovered in 1, the origin
of the low-spin ground state has been a matter of debate, as it
seems unlikely that thiolate and water, both weak ligands,
would establish a low-spin iron(u1) center. It was therefore
suggested that “OH rather than water binds to iron or that the
hydrogen-bonded water cluster induces a hydroxide-like
character at the coordinated water molecule.”™$ From
ESEEM studies (ESEEM =electron spin echo envelope
modulation) with 7O-enriched water bound to P450,,
however, it was concluded that one water molecule binds
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