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ABSTRACT: A divergent enantioselective synthesis of (nor)-
illudalane sesquiterpenes was designed by using a Pd’-
catalyzed asymmetric C(sp®)—H arylation as a key step to
control the isolated, highly symmetric quaternary stereocenter
of the target molecules. A matched combination of chiral
substrate and catalyst proved optimal to reach good levels of
stereoselectivity. This approach enabled the synthesis of three
(nor)illudalanes, including (S)-deliquinone and (S)-russuja-
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H igher fungi are sources of diverse bioactive illudalane and
norilludalane sesquiterpenes such as the fused benzo-
quinones puraquinonic acid (1)" and deliquinone (2)* and the
indane russujaponol F (3)° (Scheme 1, top). In particular, the

Scheme 1. (Nor)illudalane Targets Featuring a Highly
Symmetric Quaternary Stereocenter and Retrosynthetic
Analysis
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former was shown to induce the differentiation of HL-60 cells."
In addition to a densely functionalized 6-membered ring, the
most striking common structural feature of compounds 1-3 is
certainly the presence of a single, highly symmetric quaternary
stereocenter, which arises from the presence of different
substituents three (3) or four (1 and 2) carbons away. Despite
very low specific rotations, compounds 1—3 have been
reported to occur as single enantlomers with the (R) (1 and
2) or (S) (3) absolute configuration.' > The presence of this
isolated quaternary stereocenter represents a major challenge

for the enantioselective synthesis of these natural products.”
Indeed, despite a deceptively simple structure, only two
enantioselective syntheses of puraquinonic acid have been
reported and none for dehqumone, russujaponol F, or other
(nor)illudalanes of this type.” ® The first synthesis of (S)-
puraquinonic acid by Clive and co-workers featured 31 steps
and showcased the difficulty of controlling the isolated
quaternary stereocenter by classic chiral auxiliary-based
approaches.”™” It also established the absolute configuration
of natural puraquinonic acid as (R). The number of steps was
greatly improved in a more recent synthesis of (R)-
puraquinonic acid by Gleason and co-workers.” The
quaternary stereocenter was installed at an early stage of the
synthesis by diastereoselective alkylations from an in-house
chiral auxiliary.” Subsequently, the indane system was
efficiently constructed by enyne metathesis and Diels—Alder
cycloaddition. The chiral auxiliary was removed in the last
steps of the synthesis prior to the oxidization of the benzene
ring to the benzoquinone. This strategy resulted in a much
shorter and efficient enantioselective synthesis —12 steps, 20%
overall yield from the chiral auxiliary, or 15 steps, 14% from
(S)-valinol.

Previous work from our group® led us to consider an
alternative and, in principle, more divergent approach to
(nor)illudalane sesquiterpenes 1—3 by means of Pd’-catalyzed
enantioselective C(sp*)—H activation (Scheme 1, bottom).”"’
Benzoquinone- and benzene-fused cyclopentanes 1—3 would
arise from the same indane precursor 4, which should be easily
accessible from the less substituted intermediate S through
aromatic Claisen rearrangement.””° Indane $ would be
obtained by Pd’-catalyzed enantioselective C(sp*)—H arylation
from a structurally simple aryl bromide 6. In this step, the
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chiral catalyst would achieve the desymmetrization of the two
methyl groups in 6 and generate the quaternary stereocenter at
the adjacent position. We previously reported the enantiose-
lective synthesis of indanes by Pd’-catalyzed C(sp®)—H
arylation in the presence of a chiral phosphine."’ In this
case, two isopropyl groups were desymmetrized to generate a
quaternary stereocenter two carbons away from the cleaved
C—H bond. Besides, the desymmetrization of gem-dimethyl
groups on a tetrasubstituted carbon was reported by our group
in the context of indoline synthesis, through the use of a
catalytic chiral phosphate.'” The enantioselectivity was good
but lower than the one achieved with compounds bearing
trisubstituted carbons.'® In addition, in both precedents the
more substituted linker between Pd and the cleaved C—H
bond favored the intramolecular C—H activation step by
Thorpe—Ingold-type effects. Hence, we anticipated that the
enantioselective C—H arylation of substrate 6 would be
challenging both because of the lack of conformational bias
and the presence of the adjacent quaternary carbon. On the
other hand, this new route would allow introduction of the
quaternary stereocenter at a later stage compared to previous
syntheses and would be more enantiodivergent, i.e., more
flexible to access the desired (R) or (S) enantiomer of
(nor)illudalanes 1—3. Herein, we report the implementation of
this C(sp*)—H activation-based strategy'* for the enantiose-
lective synthesis of compounds 1—3 with the (S) absolute
configuration.

We first searched for the most selective substrate/catalyst
combination and prepared model substrates 7a—k lacking the
5’-methyl group of the target molecules (Table 1). The effect
of R' and R* groups on the yield and enantioselectivity was
studied with various ligands that were previously employed in
enantioselective C(sp3)—H activation reactions by our group
and others (Table S1)."> Bulky chiral NHCs [NHC = N-
heterocyclic carbene] developed by Kindig and co-work-
ers'>** were the only tested ligands that provided good yields
and significant enantioselectivities for methyl ester 7a (entry
1). The tested chiral phosphorus ligands including binepines,"'
phosphoramidites,'® and phosphonites'” provided low yields
and enantioselectivities. Increasing the bulk of the phenol
substituent provided a minor improvement (entry 2), which
was not judged sufficient in light of the expected cleavage
issues at a later stage of the synthesis. Replacing the methyl
ester with a nitrile (entry 3) or a tert-butyl ester (entry 4) led
to decreased yields and enantioselectivities. We then prepared
more bulky amide substrates (entries 5—7), which indeed
provided better enantioselectivities. However, attempts at
hydrolyzing the amide group on products 8e—g were
successful only for the least enantioenriched morpholinamide
8g. Testing other chiral NHCs in the reaction of 7g failed to
improve the enantioselectivity (Table S2). As a consequence,
we considered employing chiral proline-derived substrates,
which would both be cleavable and provide a cheap source of
additional chirality. The L-proline-derived amide 7h indeed
furnished a promising diastereoselectivity of 83:17 (entry 8).
Optimizing the ester substituent (entries 10 and 12) led to a
further improvement of the diastereoselectivity for isopropyl
ester 7i (entry 10). The p-proline-derived amide 7k provided a
lower dr than its enantiomer 7i in combination with LY,
indicative of matched—mismatched effects (entry 14). To
further dissect the stereochemical induction by the substrate vs
the ligand, we tested achiral NHCs, and the most efficient one
turned out to be IBioxMe, (L?), developed by Glorius and co-
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Table 1. Optimization of Reaction Conditions”

OR! gz [Pd(cinnamy)Cl, (5 mol %) OR!
NHC cat. (10 mol %) >
~Me O R
BrMe CsOPiv (1 equiv), Cs,CO; (1.5 equiv) Me
mesitylene, 160 °C
7a-k 8a-k
entry R! R? NHC conv. (%)** er/dr¢
1 Me (7a)  CO:Me L' 100092)  66:34
2 iPr(7b) CO:Me L' 100093) 7129
3 Me(7¢) CN L1 -
4 Me(7d) COx-Bu L' 30 58:42
5 Me(7e) CONMe: L' 100(95)  82:18
6 Me(7f) O L' 100095  85:15
>—N )
e
7 Me(7g) O ,— L'  100(95)  80:20
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8 Me (7h) MeO,C L! 100 (82) 83:17
) ; 2 .
}NG L 100 (65) 6436
s
10 Me (7i) i-PrO,C L! 100 (82) 87:13
o] ; 2 .
11 >‘N<j L 100 (80) 66:34
s
12 Me (7)) +BuO,C L! 100 (84) 83:17
] ; 2 .
13 }NG L 100 (84)  62:38
o
14 Me (7k) i-PrO,C L! 100 (81) 63:37
) 2 .
15 >\~N L 100(82)  36:64
s

“Based on GC/MS analysis. Yield of isolated product 8 in
parentheses. “Determined by HPLC on a chiral stationary phase.
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workers."® This ligand provided lower levels of diastereose-
lectivity with 7i (66:34, entry 11) and 7k (36:64, entry 15)
than the combination of 7i and L' (87:13, entry 10). A similar
outcome was observed for substrates 7h and 7j (entries 8, 9
and 12, 13). Moreover, combining 7k and L! led to a 63:37
ratio in favor of the same major diastereoisomer as from 7i.
These results show that (1) the chiral ligand is able to override
the induction by the chiral substrate (entries 14 and 15) and
(2) r-prolinamide substrate 7i and ligand L' afford a matched
combination. We failed to further increase the stereoselectivity
by modifying the substrate, ligand, or reaction conditions.
However, motivated by the excellent yield achieved in this
step, we planned to perform a recrystallization at a later stage
of the synthesis to improve the enantiopurity while preserving
a good overall yield for the target molecules. To maximize the
efficiency of the crystallization, we chose the double stereo-
induction system (7i) providing an 87:13 dr against the best
cleavable single induction system (7g) providing an 80:20 er.
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Scheme 2. Divergent Synthesis of (S)-Puraquinonic Acid, (S)-Deliquinone, and (S)-Russujaponol”
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“Reagents and conditions: (a) Br,, AlBr;, CH,Cl,, 0 °C; (b) HI agq, reflux; (c) K,CO;, Mel, acetone, reflux; (d) N-bromosuccinimide, AIBN, CCl,,
reflux; (e) i-PrCO,Me, LDA, THF, 0 °C, then aryl bromide, 0 — 20 °C; (f) LiOH aq, THF/MeOH, 80 °C; (g) (COCI),, DMF cat., CH,Cl,, 20
°C, then 1-Pro-Oi-Pr; (h) [Pd(cinnamyl)Cl], (5 mol %), L' (10 mol %), CsOPiv, Cs,COs, mesitylene, 160 °C; (i) HBr aq, AcOH, reflux, then
recrystallization from CHCly/C¢H,, 3:1; (j) KHCO;, Mel, DMF, 40 °C, then NaH, allyl bromide; (k) PhNEt,, 200 °C; (1) OsO, (S mol %),
NalO,, AcOEt/H,0, 20 °C; (m) NaBH,, MeOH, 0 °C; (n) LiOH aq, dioxane, reflux; (o) 13 (10 mol %), Oxone, CF;CH,OH/H,0, 20 °C; (p)
LiAlH,, THF, 0 — 20 °C; (q) T£,0, pyridine, CH,Cl,, 0 — 20 °C; (r) [Pd,dba;-CHCl;] (2.5 mol %), XPhos (5 mol %), DABCO-2AIMe;, THF,
reflux. DABCO = 1,4-diazabicyclo[2.2.2]octane; XPhos = 2-dicyclohexylphosphino-2’,4',6’-triisopropylbiphenyl. YMeasured by HPLC on a chiral

stationary phase using the racemic compound as reference.

The common intermediate 4, containing the required
additional methyl group on the benzene ring, was then
synthesized as described in Scheme 2. Perbromination and
selective debromination'’ of commercially available phenol 9
(31 CHF/100 g), followed by phenoxide methylation, afforded
aryl bromide 10 on a S50 g scale. Selective radical
bromination® and enolate alkylation generated 6a, which
was converted to the L-proline-derived C—H activation
precursor (S)-6b in two additional steps. Application of the
optimized reaction conditions employing chiral NHC L'
furnished indane 11 in good yield (87%) and with a slightly
diminished dr compared to 8i lacking the 5’-methyl group
(85:1S instead of 87:13). Next, the concomitant prolinamide
hydrolysis and methyl ether cleavage were performed with
hydrobromic acid in refluxing acetic acid. Slow crystallization
from chloroform and cyclohexane provided a greatly improved
er of 96:4 for the solid isolated from the mother liquor (57%
yield). This ratio was measured after the next step (j) against a
racemic sample, which was prepared through a similar
synthetic sequence using achiral NHC L* as the ligand."
The configuration of the major enantiomer of 12 was
determined to be (S) by vibrational circular dichroism
(VCD, Figures S1—SS) and NOESY NMR (Figure $6)
analysis of derivatives. To our dismay, and despite numerous
efforts, none of the compounds of the whole synthetic
sequence or derivatives thereof provided crystals suitable for
Xray diffraction analysis. From 12, sequential selective
alkylations of the carboxylic acid and the phenol and aromatic
Claisen rearrangement6b led to the common intermediate 4 in
66% yield over three steps and good overall yield from phenol
9 (15.6% over 11 steps).

Compound 4 was first converted to (S)-puraquinonic acid 1.
Lemieux—]Johnson oxidation®' and reduction of the resulting
aldehyde furnished primary alcohol 14. Previous work by
Kraus hinted that the ester hydrolysis should be performed
prior to the phenol oxidation.”" Indeed, after standard
hydrolysis with lithium hydroxide, the phenol oxidation was
performed under mild conditions using the catalytic hyper-
valent iodine reagent reported by Yakura and Konishi*” to give
(S)-puraquinonic acid in 82% yield over two steps and 9.6%
overall yield over 15 steps from 9. (S)-Deliquinone 2 was
obtained in a similar way by Johnson—Lemieux oxidation,
reduction of the aldehyde and ester groups with LiAlH,, and
phenol oxidation, hence leading to the first enantioselective
synthesis of this molecule with an overall yield of 9.7% over 14
steps. Finally, (S)-russujaponol F (3) was synthesized in four
steps from 4 starting with triflation and Pd’-catalyzed cross-
coupling with the air-stable DABCO-trimethylaluminum
complex introduced by Woodward and co-workers,” which
furnished indane 15 in 85% yield. Lemieux—Johnson oxidation
and ester reduction completed the synthesis of (S)-3 in 15
steps, 11.6% overall yield from phenol 9. Of note, the racemic
natural products were also synthesized according to a similar
pathway involvin% the C—H activation of 6a in the presence of
achiral NHC L2."° This sequence avoiding the formation of
prolinamide 6b led to racemic targets 1—3 in two steps fewer
(12 overall for 2 and 13 for 1 and 3).

The specific rotations of the synthetic products 1-3 were
found to be +1.4, +0.9 ,and +2.1, respectively. The reported
specific rotations of the natural products in the same solvents
are —2.2 for (R)-1,*" —0.5 for (R)-2,> and +1.3 for (S)-3.
Hence, our values are consistent with (S) enantiomers for the
three final products. This assignment was confirmed by the
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above-mentioned VCD and NMR analyses."> Hence, we have
synthesized natural russujaponol F (3) and the antipodes of
natural puraquinonic acid (1) and deliquinone (2).

In conclusion, a divergent enantioselective synthesis of
(nor)illudalane sesquiterpenes was designed by using a Pd’-
catalyzed asymmetric C(sp*)—H arylation as the key step. This
first application of such reaction in natural product synthesis
demonstrates its great potential to construct isolated
quaternary stereocenters in complex molecules.
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