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The combination of aminocatalysis with N-heterocyclic carbene
catalysis has been extended to a switchable dual catalytic system,
which allowed a direct enantioselective entry to bridged bicyclo[3.n.1]
ring systems and the total synthesis of the natural product
(1R)-suberosanone.

Quadranes form a small class of cytotoxic sesquiterpene natural
products, originated either from terrestrial or marine organisms,
and belonging to the larger group of polyquinanes.” It is worth
mentioning that natural products have in the past and continue to
play a crucial role in the discovery of drugs for the benefit of
mankind.? Although the first known naturally occurring quadrane,
namely quadrone, was isolated back in 1978, despite considerable
synthetic efforts, no enantioselective total synthesis of a quadrane
natural product has been reported."* Actually, most quadranes are
of unknown absolute configuration even though they are all pre-
sumed to exist naturally as their (1R) enantiomers.™* The absolute
configuration of the quadrane suberosanone (1) was recently
assigned as (1S) by chemical synthesis.” Intrigued by this oddity,
and motivated by the development of an original enantioselective
organocatalytic method for the synthesis of functionalized bridged
bicyclo[3.2.1]octane compounds® applicable to the synthesis of
most, if not all, quadranes, we embarked on the total synthesis
of (1R)-suberosanone (1). It was devised that (1R)}-1 would be
accessible in a few steps starting from the bicyclo[3.2.1]octane
(1R)-2, which we planned to prepare using a yet-to-discover enantio-
selective dual organocatalytic Michael/aldolization sequence from
the B-ketoester 4 and crotonaldehyde (5a, Scheme 1).”
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Scheme 1 Retrosynthetic analysis for suberosanone, and planned

enantioselective dual organocatalytic Michael/aldol sequence. BB =
Brensted base activation. IM = iminium activation.

Based on the accumulated knowledge on enantioselective
organocatalytic Michael additions with 1,3-dicarbonyl compounds,
we were confident that highly enantio-enriched Michael adduct
intermediates of type 3 could be obtained from pronucleophiles of
type 4 under iminium activation.® An additional Brgnsted base
would then be required to operate the ring-closing aldolization
step. Although enticing, this idea raised some challenging issues:
(i) iminium activation is a reversible process;® (ii) previous work on
the synthesis of bridged ring systems of type 2 via Brensted base-
promoted Michael/aldolization sequences in the racemic series
established that these reactions are fully reversible when per-
formed with common Brensted bases (e.g. DBU);® (iii) Michael
adducts of type 3 readily racemize, precluding their isolation in
high enantiopurity under standard conditions;'** and (iv) inter-
mediates of type 3 amenable to applications to the total synthesis
of quadranes exhibit a gem-dimethyl group in the vicinity of
the aldolization site, which should both notably slow down
the aldolization step and favor Bregnsted base-catalyzed retro-
Michael/Michael processes leading to racemization. Recently,
it was discovered that hindered imidazolylidene N-heterocyclic
carbenes (NHCs) are potent Brgnsted bases capable of catalyzing
Michael/aldolization sequences, but with little tendency for
reversibility."* It was hypothesized that the planned enantio-
selective Michael/aldolization sequence leading to (1R)-2 could
be achieved using a sequential combination of the aminocatalyst
I and the NHC catalyst II in a one-pot dual catalytic process."?

In order to test this idea, the prototypical reactions of the
B-ketoesters 4a and 4d with crotonaldehyde (5a) were examined
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under various dual catalytic conditions (Table 1). Because all
the four possible diastereomers of 2a,d can be expected in
different proportions, the crude reaction products were directly
oxidized into the corresponding diketones 6a,d to simplify
analysis. The benchmark result was obtained by the sequential
combination of catalyst I and DBU, which afforded product 6a
with low enantioselectivity due to DBU-catalyzed racemization
processes (entry 1). In contrast, it was found that the sequential
addition of catalysts I and II to solutions of 4a and 5a produced,
after oxidation, the diketone 6a in generally good yields and
stereoselectivities (entries 2-5). The reaction in dichloro-
methane (entry 2) gave the best enantioselectivity but a low
yield, which could be improved in toluene (entry 3). Alternatively,
methanol afforded comparable results in a somewhat accelerated
reaction (entry 4), while substituting catalyst I by the so-called
MacMillan’s second generation catalyst' gave 6a in lower yield
and enantioselectivity (entry 5). Other dual organocatalytic
systems combining an aminocatalyst with a NHC have been
reported in the past few years.'* Among these, Lathrop and
Rovis reported an elegant enantioselective Michael/crossed
benzoin sequence from the methyl ester analog of 4a (the pre-
cursor of 6¢, see Fig. 1) and aldehyde 5a using a combination of
catalyst I and an achiral triazolylidene NHC catalyst to give a
fused bicyclo[3.3.0]octane product.’®'® Remarkably, and in sharp
contrast to the Lathrop and Rovis study, no fused bicyclo[3.3.0]-
octane products could be detected in the intermediate crude
products 2, illustrating the perfectly switchable nature of the
overall dual organocatalytic transformation as a function of the
NHC catalyst employed (triazolylidene vs. hindered imidazolyl-
idene).'® More generally, this represents the first described
switchable dual catalytic enantioselective transformation.
Stimulated by these results, we then moved to the more

Table 1 Optimization of the dual catalytic reaction (selected results)

Ar!

Ar'
0
H oTms CO,t-Bu CO,t-Bu
COA-Bu (15 mol%), solvent ;CC o}
0°C, 1 day, then 950,

R R + o —_— —_—

4a:R=H i Z,N/:\N\ , HO o CH,Cl, R

4d: R = Me | ArfTUNy AR R rt R

52 11 (20 mol%) 2ad 6a:R=H
0 °C, conditions 6d: R = Me

Ar' = 3,5-(CF3),-CgHa; Ar? = 2,6-(I-Pr)o-CgH3
Entry Solvent Conditions Yield? dr? e
14 MeOH 2 days 6a,77%  3:1 5:1
2 CH,Cl, 2 days 6a, 28%  4:1 27:1
3 Toluene 2 days 6a, 71%  4:1  26:1
4 MeOH 1 day 6a, 75%  4:1 18:1
5¢ MeOH 1 day 6a, 60% 4:1 10:1
6 Toluene 2 days 6d, <5% — —
7 MeOH 1 day 6d, 80% 2:1 8:1
8 MeOH 3 days 6d,90% 2:1 12:1
9 MeOH AcOH (20 mol%), 4 days 6d, 90%  2:1 16:1

“ For the isolated pure product (0.5 mmol scale reactions). ” Determined
by NMR analysis of the crude product. © For the major diastereomer,
determined by HPLC. ¢ Reaction performed with DBU instead of IL
¢ Reaction performed with so-called MacMillan’s second generation
catalyst instead of I/ Reaction performed with only 3 mol% of II.
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6a: R' = t-Bu 6d: R' = +-Bu 6g: R' = t-Bu
71%, 4:1 dr, 26:1 er 90%, 2:1 dr, 16:1 er 61%, 4:1 dr, 16:1 er
6b: R'=Bn 6e: R' = Bn 6h: R'=Bn
64%, >20:1 dr, 25:1 er 60%, 2:1 dr, 9:1 er 48%,15:1 dr, >9:1 er
6c: R' = Me 6f R' = Me 6i: R = Me

70%, 17:1dr, 13:1 er

COt-Bu

60%, 2:1 dr, 13:1 er

EWG
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50%, >20:1 dr, 42:1 er

CO,Me
Ph "0 0 o)

)

BnN
6m: 56%, 2:1dr, 6:1 er

0] o}

6j: 28%, 2:1dr, 11:1 er 6k: EWG = COMe

54%, 8:1 dr, 16:1 er
6l: EWG = SO,Ph
66%, 2:1dr, 11:1 er

Fig. 1 Scope of the dual organocatalytic reaction. See the ESIf for full
experimental details.

challenging substrate 4d (entries 6-9). In that case, the reaction
was only found possible in methanol and afforded product 6d
with moderate enantioselectivity under the conditions previously
used for 6a (compare entries 4 and 7). It was hypothesized that
reducing the amount of free NHC II in solution would limit the
undesired competitive NHC-catalyzed Michael addition leading
to racemization. Indeed, a reaction conducted with only 3 mol%
of II allowed the isolation of product 6d with a significantly
better enantioselectivity (entry 8). Following the same idea,
masking the NHC as its azolium salt in situ should allow
maintaining of only a tiny amount of the free NHC II in solution.
In practice, it was found that adding acetic acid together with II
after the Michael addition step afforded the product 6d in good
yield and improved enantioselectivity, at the expense of pro-
longed reaction time (entry 9)."” The reaction was then examined
using other cyclic a-activated ketones and o,B-unsaturated alde-
hydes, which afforded the bridged bicyclic products 6a-m with
good to excellent yields and stereoselectivities (Fig. 1). The
enhancement of diastereoselectivity observed in many cases
was expected and ensued from the decomposition of the minor
diastereomers of 2 having equatorial substituents by methanol-
mediated retro-Dieckmann fragmentation processes (see the
ESIf).>"® In a few cases, the MacMillan’s second generation
catalyst" performed better than its counterpart I (e.g. for 6i
and 6j, see the ESIT). The determination of the absolute config-
urations in products 6a-m is based on previous work,>'® and
was confirmed by derivatization, X-ray diffraction analysis, and
full chiroptical characterization of the targeted natural product
(see below and the ESIY).

With the new enantioselective methodological tool described
above in hand, the total synthesis started with a scale up study,
which afforded 2d as a mixture of four diastereomers in 90%
yield on a 12 gram scale (Scheme 2). The oxidation of an analytic
sample of 2d delivered the diketone 6d with similar yield and
stereoselectivities when compared to the methodological scale
series (2:1 dr, 8:1 er, compare with Table 1, entry 7)."° The
Barton-McCombie deoxygenation of 2d afforded the key inter-
mediate 7 in 85% yield (2:1 dr, 9.2 g batch), which was later in

This journal is © The Royal Society of Chemistry 2016
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11 (20 mol%) 1 AIBN
_ - = .
)) 90% HO 85%, 2 steps
5a 2d 7,2:11dr (9.2 )
(12.0 g)
NaBH, | 77%
CO,t-Bu CO,t-Bu 2! Bu
OBn KH OBn NaH
BrBn BrBn
-— 8a + -
90%
8:1er
recryst. 9b, 33% 8a, axial Me
52% >199:1 er 8b, equat. Me
70% | D TFA 2:1dr
2) (COCl),
3steps | 5 TMSCHN,

}\‘ z CO,H 1) MeLi 2
AgOBz (20 mol%) OBn 2) Pd/C, H,
1,4-dioxane/H,0 3) IBX O

- H EEE— 2
72% 78%, 3 steps
12
tBuOK
O LDA, HMPA o
Ha, Pd/C then Mel,
- D
quant. 85%, 2 steps
(1R)-suberosanone (1) 14

Scheme 2 Total synthesis of (1R)-suberosanone (1).

the synthesis confirmed to maintain the 8:1 er of the major
diastereomer. The initially planned strategy to convert 7 into the
natural product 1 and its congeners was relied on the early
olefination of the ketone carbonyl group at C2. Regrettably, we
soon had to face the problem that the C2 carbonyl group and the
corresponding olefins were extremely difficult to react, and when
possible, with the desired diastereoselectivity. These difficulties
were attributed to severe cumulative steric effects at C2 caused
by its neopentylic position, a 1,3-diaxial interaction on the -face,
a gem-dimethyl group on the o-face, and a conformational
rigidity. Overall, the chemical transformation of the key inter-
mediate 7 revealed to be much more difficult than anticipated,
but also more exciting. Ultimately, we had to proceed through
the protection of the ketone group at C2 in two steps for the
reasons given above, which actually turned out beneficial for the
issue of the total synthesis. The diastereoselective reduction of
the ketone group in 7 (2: 1 dr) with sodium borohydride afforded
the corresponding mixture of diastereomers 8a and 8b (77%,
2:1 dr). Following the serendipitous observation that 8a and 8b
could be kinetically differentiated in etherification reactions,
they were separated by the selective benzylation of the minor
diastereomer 8b having an equatorial methyl group to give 9b
using NaH/BrBn. A single recrystallization of the remaining
diastereomerically pure alcohol 8a (>50:1 dr, 8:1 er) afforded
enantiopure crystalline 8a (52%, >199:1 er) suitable for X-ray
diffraction analysis, which confirmed both its relative and
absolute configurations to be as depicted (see the ESIf).>°
The alcohol 8a was then converted into its benzyl ether 9a

This journal is © The Royal Society of Chemistry 2016
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using KH/BrBn, and the subsequent Arndt-Eistert homologation>"
afforded the carboxylic acid 11 via the methyldiazoketone 10. The
carboxylic moiety in 11 was transformed into the corresponding
methyl ketone with methyl lithium, and the C2 carbonyl group
was restored to afford the desired diketone 12. From 12, the
endgame strategy was largely inspired by previous work on
the total syntheses of quadranes." It was found that #-BuOK
promoted an efficient ring-closing aldolization/dehydration
sequence from 12 to give the corresponding cyclopentenone
13, the diastereoselective a-methylation of which under standard
conditions furnished the tricyclic late intermediate 14. Finally,
the diastereoselective hydrogenation of the double bond in 14
afforded quantitatively the target product (1R)-suberosanone (1).
The enantioselective synthesis of 12 also constitutes a formal
enantioselective total synthesis of the related quadrane natural
product (1R)-suberosenone.’

With synthetic samples of (1R)-1 in hand, we tackled the
issue of the determination of the absolute configuration of
naturally occurring 1. To do so, we performed a full chiroptical
characterization of (1R)-1, including optical rotatory dispersion
(ORD), electronic circular dichroism (ECD) and vibrational
circular dichroism (VCD) studies (see the ESIt). The [o], of the
natural sample of 1 extracted from the gorgonian Isis hippuris
was measured at [«]y = —60 (¢ = 0.1, CHCl;),**> while the
synthetic sample of (1R)-1 prepared by Dumas and co-workers
showed [¢]§5 = +53.4 (c = 0.1, CHCl,).> On that basis, the absolute
configuration of naturally occurring 1 was assigned as (1S). The
measurement of the optical rotation of our synthetic samples
of (1R)-1 (er > 199:1) afforded the following values: [¢]’ = +20
(c = 0.1, CHCly), [«]5’ = +20 (¢ = 0.1, CHCl,), and [«]5 = +11
(c = 0.1, EtOH).** Additionally, Stephens and co-workers pre-
dicted [«]p = —20.6 (gas phase) for (1R)-1 by DFT calculations.* A
puzzling situation! Although we have no sound explanation for
these discrepancies in the [«],, values,** some clues came from
the comparison of the ORD of our synthetic (1R)-1 with the
predicted ORD (DFT) for (1R)-1, as well as with the experimental
and theoretical ORDs of (1R)-quadrone (Fig. 2). On the basis of
similar shapes of ORDs, and in line with Stephens and co-workers’
intuition on the occurrence of a single absolute stereogenicity in
quadranes biosynthesis, the absolute configuration of naturally
occurring 1 is likely to be (1R). However, a clear-cut answer to this
question can only arise from additional chiroptical characteriza-
tion of the naturally occurring material.

In summary, a remarkable divergence was identified in dual
organocatalytic transformations combining a secondary amine
and a NHC catalyst, the NHC operating as the reactivity switch.
A practical enantioselective method for the synthesis of
functionalized bicyclo[3.n.1] derivatives resulted. This original
switchable bicatalytic transformation opens up avenues for
the conceptualization of switchable multicatalytic transforma-
tions. The dual catalytic method described herein was initially
elaborated to provide the first enantioselective route to the
cytotoxic quadrane natural products, which allowed the total
synthesis of (1R)-suberosanone and the formal synthesis
of (1R)-suberosenone. This work provides all the necessary
chiroptical information for the determination of the absolute
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200 T
100 &
0 -
-100 A
chloroform-d,
-200 7 —— calculated
-300
(1R)-quadrone sodium D line
(589 nm)
-400 T T T T " (nm)
350 400 450 500 550 600

Fig. 2 Experimental and calculated ORDs of (1R)-suberosanone (1) and
(1R)-quadrone. Data from ref. 4 and our own measurements.

configuration of naturally occurring suberosanone when more
data are available.
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