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ABSTRACT: The first total and biomimetic synthesis of the
natural bis(sesquiterpene) (—)-bacchopetiolone (revised
structure) was completed through a highly diastereoselective
hydroxylative phenol dearomatization/[4+2]-dimerization cas-
cade conversion of (+)-curcuphenol using a novel C,-
symmetrical chiral Salen-type bis(4*-iodane).

xidative phenol dearomatization is a powerful and often

biomimetic tactic for the synthesis of complex natural
products, as it allows the conversion of planar aromatic scaffolds
into highly functionalized and possibly chiral cyclohexadienone-
type synthons.' ™ Hypervalent organoiodine compounds, also
referred to as iodanes, occupy a place of choice among reagents
capable of such dearomative transformations, notably because
these iodanes can substitute environmentally deleterious metal-
based reagents and are also amenable to the introduction of chiral
ligands for asymmetric reactions.'** The hydroxylative phenol
dearomatization (HPD)/[4+2]-dimerization cascade conversion
of 2-alkylphenols 1 into 6-alkyl-6-hydroxycyclohexa-2,4-dienone
(0-quinol)-derived endo-cyclodimers 3 is one of the archetypal
reactions > that can benefit from the intervention of (chiral)
iodanes (Scheme 1). The A*-iodane 2-iodylbenzoic acid (IBX) or
its stabilized (nonexplosive) version named SIBX  mediates the
regioselective dearomative hydroxylation of 2-alkylphenols into
racemic o-quinols 2, which usually and spontaneously cyclo-
dimerize.”**”“~" Natural cyclodimers such as bis(carvacrol) 3a,
grandifloracin 3¢, and aquaticol 3d have been synthesized in this
way.>* "8 More recently, chiral iodanes were designed to promote
asymmetric versions of some of these syntheses.”*” Our own
contribution relied on the design of an axially chiral biphenylic
bis(iodyl) reagent (A) (Scheme 3), which was used for the
enantioselective syntheses of the natural bis(carvacrol) (+)-3a
and its regioisomer bis(thymol) (+)-3b with enantiomeric
excesses (ee) up to 949%.°* This success made us turn our
attention to finding a solution for the still-unachieved total
synthesis of (—)-bacchopetiolone 3e.” This bis(sesquiterpene)
was isolated in 1991 from Baccharis petiolata (Asteraceae), a
Chilean shrub used in traditional medicine.** The structure of 3e
was reported as an “allR” [4+2]-cyclodimerization product of the
o-quinol (6R,7R)-2e (not shown), which would be itself derived
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Scheme 1. HPD Reaction/[4+2]-Dimerization Cascade
Conversion of 2-Alkylphenols 1 and Representative 0-Quinol-
Based Cyclodimers 3a—e
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from an enantioselective biosynthetic HPD of (—)-curcuphenol
(R)-1e.** We herein report the first total synthesis of
(—)-bacchopetiolone that resulted from an investigation of the
HPD-induced conversion of le using either IBX, SIBX,
previously developed chiral biarylic iodanes, or new Salen-type
bis(A%-iodanes).

Our synthesis began with the preparation of racemic
curcuphenol le starting from acetophenone 4 and using a
combination of known protocols [Scheme 2 and Supporting
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Scheme 2. IBX- or SIBX-Mediated Synthesis of (—)-Bacchopetiolone (All)(S)-3e and Its Diastereomers
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Information (SI)].” Scale-up of this four-step synthesis (76%
overall yield) reproductively afforded ca. 2 g of (+)-1e, which
was easily separated by chiral semipreparative HPLC. We first
verified the reactivity of (—)-(R)-le by subjecting it to our
standard IBX- or SIBX-mediated HPD conditions,” " which led
to the expected endo-[4+2]-homodimers in ca. 60% yield as a
clean 3:2 mixture of the (all)(R)-3e and its diastereomer 3e’
(Scheme 2). These diastereomers were separated by HPLC, and
their structures were determined by NMR spectroscopy (see the
SI). In addition, an X-ray analysis of the colorless plates obtained
by crystallization of 3e’ from hot hexanes confirmed both the
expected endo-cycloaddition mode and the homochiral dimeriza-
tion process (CCDC-993815, see Figure S4).'° However, optical
rotation and circular dichroism measurements surprisingly
indicated that none of these two dimers could be identified as
the natural bis(sesquiterpene) [[a]**p — 125 (¢ = 2.17, CHCL,);
CD (MeOH) Ag,,, +0.2, Agoq —4.6]°" and that the (all)(R)-3e
dimer was in fact ent-bacchopetiolone. The previously proposed
biosynthesis of (—)-bacchopetiolone from (R)-curcuphenol thus
appeared incorrect.** Therefore, we subjected (+)-(S)-1e to the
same IBX- or SIBX-mediated HPD conditions in order to obtain
the other two possible diastereomers. The (all)(S)-3e dimer
turned out to correspond to the known natural product (Scheme
2 and SI).

We then attempted the same transformation of le, but this
time using our chiral biphenylic bis(4%-iodane) (R)-A.°*
Unfortunately, the conditions tested (i.e, 1.0 to 4.0 equiv of A
in CH,Cl, at —40 °C or at room temperature, with reaction times
up to 2 days) did not give rise to the expected cyclodimers but
instead led to traces of an unstable dark yellow quinonoid
product. It was identified by "H NMR analysis as the o-quinone
derivative § that results from oxygenation at the unsubstituted
ortho-position of 1" (Scheme 3 and SI). Compound § was
also formed when le was treated with the chiral alkoxylated
binaphthylic A*-iodanes (S)-B1 and (S)-B2,* thus indicating that
the o-(6-methylhept-S-en-2-yl) side chain of curcuphenol
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impedes the desired oxygen-atom transfer regioselectivity with
these probably too bulky iodanes.

Therefore, we decided to continue our exploration of novel
chiral organoiodane structures capable of promoting asymmetric
HPD/[4+2]-cascade conversion of 2-alkylphenols, with the
added specific aim of finding a suitable reagent for the
transformation of (+)-(S)-le into (—)-bacchopetiolone 3e.
The main prerequisite for this search of novel chiral organo-
iodanes was the utilization of readily accessible chiral motifs on
which iodoaryl units can be easily installed. We thus considered
the synthesis of the chiral bis(amidoiodoarenes) 6 and 7 with
structures based on C,-symmetrical Salen-type scaffolds, whose
design was inspired by that of the diphenylphosphinobenzoic
acid (DPPBA)-based ligands used in asymmetric transition-
metal-catalyzed reactions (Scheme 4)."" We expected that the
resulting iodanes could benefit from stabilizing interactions
between their amide functions and hypervalent iodine centers.">
The diiodo compounds 6 and 7 were synthesized in a high-
yielding one-step process through coupling of a C,-symmetrical
chiral diamine with an o-iodinated benzoic acid (see Scheme S2).
The trans-1,2-diaminocyclohexane-based bis(iodoarene) (R,R)-
6a was selected to identify suitable conditions for conversion into
its corresponding bis(iodane). A screening of oxidizing systems
among those classically used in hypervalent iodine chemis-
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Scheme 4. DMDO-Mediated Oxygenation of C,-Symmetrical
Salen-Type Bis(iodoarenes) 6a—d and 7a/b into Bis(A’-
iodanes) 8a—d and 9a/b
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try**'*" revealed that effective oxygenation of 6a could be

achieved only with DMDO (Scheme 4).°%'*" Using 8 equiv of
freshly prepared DMDO at room temperature for 24 h, a single
iodane precipitated from the reaction mixture. It was identified as
the bis(iodyl) derivative (R,R)-8a and isolated in 89% yield by
simple filtration (see the SI). '*C NMR analysis was used to
confirm the oxidation state of its iodine centers on the basis of the
chemical shift of the aromatic ipso carbons (Clpso —1Y) at 148.8
ppm in DMSO-dg."* No iodosyl variant (i.e., any A*-iodane with
Cypso—I"" resonating at 110—120 ppm) was detected.

This selective DMDO-mediated oxygenation was successfully
applied to other trans-diaminocyclohexane- and trans-11,12-
diamino-9,10-dihydro-9,10-ethanoanthracene-based bis-
(iodoarenes) 6b—d and 7a/b to furnish the bis(4*-iodanes)
8b—d and 9a/b in high yields (Scheme 4). These new bis(iodyl)
compounds were obtained as stable amorphous powders, but the
dimethylated bis(iodylaryl) and the bis(iodylnaphthyl) deriva-
tives 8¢, 9b, and 8d were found to be unstable in solution, as they
slowly degraded during the acquisition of their *C NMR

spectrum in DMSO-ds."* Their insolubility in most common
solvents is probably due to their arrangement in polymeric
structures.**'?® DFT calculations (B3LYP/6-31G** for
C,H,0,N and Stuttgart—Dresden (SDD) pseudopotential for I;
see the SI) were performed on (RR)-8a to examine this
structural hypothesis. Indeed, strong secondary I---O bonding
interactions between neighboring molecules of the calculated
“dimer” and “trimer” of 8a (average interatomic distances of 2.8
A) were highlighted (see the SI), together with the expected
intramolecular contacts of the I centers with the oxygen atom of
each amide group (ca. 2.7 A), in agreement with reported X-ray
crystallographic data on a 2-iodylbenzamide tetramer.'*”

The capacity of these new chiral A>-iodanes to transfer their
oxygen atom(s) in an asymmetric fashion was then first evaluated
through the HPD/[4+2]-dimerization cascade conversion of
simple achiral 2-alkylphenols, including the monoterpenes
carvacrol la and its 2-isopropylated regioisomer thymol 1b
(see Tables S1 and S3). For the conversion of la into
bis(carvacrol) 3a,“** the best ee values of 60 and 68% were
obtained using a slight excess (i.e., 0.65 equiv) of enantiomers of
the anthracenyl-mounted bis(iodyl) 9a either in a 85:15
CH,CL,/TFE solvent mixture (TFE = 2,2,2-trifluoroethanol) "’
at room temperature for 16 h or in CH,Cl, with 1.0 equiv of
trifluoroacetic acid®'® (TFA) at —50 °C for 2 h. This positive
influence of TFA on the reaction outcome®”'® mlght be
explained by a TFA-mediated “depolymerization”'® of the
hypothesized structure of our Salen-type iodanes (vide supra),
thus providing the phenolic substrate with a better access to the
electrophilic I'-centers. The bis(iodyl) (R,R)-9a was then used to
convert 1b into bis(thymol) (+)-3b* in good to high yields with
ee values up to 74%. These promising results led us to attempt
the conversion of curcuphenol 1e into bacchopetiolone 3e using
this same bis(iodyl) reagent. Unfortunately, after 2 days at room
temperature in CH,CL,/TFE (85:15), only the o-quinone § (see
Scheme 3) was observed and isolated in 48% yield.
Notwithstanding this disappointing result, we looked back at
our other chiral Salen-type iodanes and were pleased to observe
that the cyclohexyl-based bis(1’-iodanes) 8 were capable of
cleanly promoting the desired conversion of le into 3e. The
bis(iodyl) 8a turned out to be the most useful reagent (Table 1).
A diastereomeric ratio (dr) of 72:28 in favor of the (all)(R)-3e
dimer was obtained when (R)-1e was treated with 0.65 equiv of
(RR)-8a in CH,Cl,/TFE at room temperature for 16 h (Table 1,
entry 1). The oxygenative dearomatization of (S)-1e showed a
clear mismatch effect with (R,R)-8a under the same conditions,
since it led to 3e with a dr of 50:50 (entry 2). A decrease of the
reaction temperature down to —3S5 °C, combined with an

Table 1. Asymmetric HPD/[4+2]-Dimerization Cascade Reaction of Curcuphenol le Using the Bis(4*-iodane) 8a“

entry le 8a equiv solvent
1 R (RR) 0.65 CH,Cl,/TFE (85:15)
2 S (RR) 0.65 CH,Cl,/TFE (85:15)
3 R (RR) 0.65 CH,Cl,/TFE (85:15)
4 R (RR) 1.10 CH,Cl,/TFE (85:15)
S S (SS) 1.10 CH,CL,/TFE (85:15)
6 R (RR) 1.10 CH,Cl,, TFA®
7 S (8,8) 1.10 CH,Cl,, TFA®
8 S (89) 1.10 CH,Cl,, TFA®

temp (°C) time (h) 3e” (major) yield” (%) dr?

it 16 (all)(R) 45 72:28

rt 16 44 50:50
-35 72 (all)(R) 43 78:22
-35 72 (al)(R) 50 79:21
-35 72 (all)(S) 2 80:20
—45 2 (al)(R) 58 88:12
—45 2 (all)(S) 68 91:9
—50 15 (all)(s) 31 86:14

“Reactions run using [le] = 14 mM. bMa]or cyclodimer 3e identified by chiral HPLC analysis and comparison with the IBX- or SIBX-synthesized
cyclodimers. “Tsolated yield. “Diastereomeric ratio determined by chiral HPLC analysis. 1.0 equiv (all)(R) = ent-bacchopetiolone, (all)(S) =

bacchopetiolone.
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increase of the amount of iodane (1.10 equiv), led to some
diastereoselectivity improvement with dr values up to 80:20, but
these conversions required a much longer reaction time (Table 1,
entries 3—5). It is again the use of the CH,Cl,/TFA solvent
system that gave the best results, allowing us to step up close to a
dr of 90:10 (entries 6—8). In this solvent system, the HPD/
[4+2]-cascade reaction of (+)-curcuphenol (S)-le using the
bis(4>-iodane) (S,S)-8a was best performed at —45 °C for 2 h to
furnish the natural “allS” (—)-bacchopetiolone 3e in 68% isolated
yield and with an excellent dr of 91:9 (Table 1, entry 7).

In summary, we have accomplished the first total, biomimetic,
and diastereoselective synthesis (in five steps with 23% overall
yield from acetophenone 4) of the bis(sesquiterpene)
(—)-bacchopetiolone, whose structure and biosynthetic filiation
could hence be revised to the “allS” diastereomer 3e derived from
(+)-curcuphenol (S)-1e. This achievement was made possible
thanks to the development of readily accessible chiral Salen-type
bis(4>-iodanes), among which the cyclohexyl-based reagent
(S,S)-8a was used to promote the focal asymmetric HPD/[4+2]-
cascade step of this synthesis.
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