Asymmetric Synthesis

Ang

Internatic

International Edition: DOI: 10.1002/anie.201508405
German Edition: DOI: 10.1002/ange.201508405

Asymmetric Synthesis of Spiroketals with Aminothiourea Catalysts
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Abstract: Chiral spiroketal skeletons are found as core
structures in a range of bioactive compounds. These natural
compounds and their analogues have attracted much attention
in the field of drug discovery. However, methods for their
enantioselective construction are limited, and easily available
optically active spiroketals are rare. We demonstrate a novel
catalytic asymmetric synthesis of spiroketal compounds that
proceeds through an intramolecular hemiacetalization/oxy-
Michael addition cascade mediated by a bifunctional amino-
thiourea catalyst. This results in spiroketal structures through
the relay formation of contiguous oxacycles, in which multi-
point recognition by the catalyst through hydrogen bonding
imparts high enantioselectivity. This method offers facile access
to spiroketal frameworks bearing an alkyl group at the 2-
position, which are prevalent in insect pheromones. Optically
active (28,5S)-chalcogran, a pheromone of the six-spined
spruce bark beetle, and an azide derivative could be readily
synthesized from the bicyclic reaction product.

Spiroketal structures are fundamental motifs found in
a broad array of natural products and bioactive agents,!!
and even their analogous scaffolds exhibit unique biological
activities.”) The development of flexible synthetic methods
would thus be beneficial for the discovery of new drugs and
agricultural chemicals. Since the synthesis of optically active
spiroketals has largely relied on chiral starting materials,
enantioselective spiroketalization from achiral starting mate-
rials would be of significance, however, the stereocontrolled
construction of contiguous oxacycles poses a formidable
challenge, and the methodology has not been well inves-
tigated.

Spiroketal construction commonly involves the acid-
catalyzed dehydration of dihydroxy ketones, and transition-
metal-mediated cyclizations that make use of triple bonds as
carbonyl surrogates have also become popular since Utimo-
to’s pioneering work (Scheme 1a).’! Although these
approaches eventually construct the desired structures, the
regioselectivity of the consecutive nucleophilic attacks by the
two hydroxy groups in the substrates is difficult to control.
This results in the generation of multiple intermediates during
the course of the transformation, which is not compatible with
asymmetric synthesis. Therefore, examples of enantioselec-
tive spiroketalizations effected by chiral organic and transi-
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Scheme 1. Strategies for spiroketalization.

tion-metal catalysts by employing these reaction cascades are
limited.™ It would be desirable to develop an efficient method
that exploits a more controlled pathway in order to realize the
facile enantioselective construction of spiroketal rings from
achiral starting materials and expand the library of syntheti-
cally available spiroketals.

Inspired by our recent studies of catalytic asymmetric
cycloetherifications® mediated by bifunctional amino-
thiourea catalysts,® which achieve highly sophisticated ste-
reocontrol through hydrogen-bonding interactions,” we envi-
sioned the spiroketalization of substrate 1 through intra-
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molecular hemiacetal formation followed by intramolecular
oxy-Michael addition promoted by a chiral aminothiourea
(Scheme 1b). In this strategy, a unidirectional ring formation
cascade takes place as the first nucleophilic attack by the
hydroxy group in the substrate generates the second hydroxy
group by relay,® and the nearly neutral conditions, like in
biosynthesis, allow the unstable hemiacetal to act as the
nucleophile for the subsequent Michael addition without
elimination of the hydroxy group.”’ Consequently, there is no
concern with respect to regioselectivity of the ring formation
sequence. Furthermore, the resulting product 2 has a chiral
spiroketal skeleton bearing an alkyl group at the 2-position.!"!
Such potential pharmacophoric structures are prevalent in an
extremely wide range of insect pheromones, although their
catalytic asymmetric synthesis has thus far not been accom-
plished (Figure 1).0'%
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Figure 1. Spiroketal insect pheromones and their source organisms.

We initiated our investigation by using 1a and 5 mol % of
the quinidine-derived aminothiourea catalyst 3a in CH,Cl, at
25°C. As expected, the spiroketal product was obtained
nearly quantitatively with high enantioselectivity (Table 1,
entry 1). A solvent optimization study identified THF as
affording the best stereoselectivity (Table 1, entry 6). Even
when the catalytic loading was decreased to 1 mol% at
ambient temperature, the enantioselectivity remained excel-
lent, although the yield was reduced (Table 1, entry 7). A
catalyst screen showed that catalyst 3e further improves the
diastereoselectivity while retaining the excellent yield and
enantioselectivity (Table 1, entry 11).

Subsequently, we explored the substrate scope with
5mol% 3e as the catalyst (Table 2).'"! Good to excellent
yields and enantioselectivities were obtained with both
electron-rich and electron-poor enones (2b and 2c¢). In
addition, substrates bearing p-bromophenyl and p-biphenyl
groups afforded the corresponding products 2d and 2 e in high
yields with excellent enantioselectivities. Furthermore, an
aliphatic enone was also applicable to provide spiroketal 2 fin
high yield with good enantioselectivity under conditions with
10 mol % catalyst 3e and a longer reaction time. A substrate
bearing an o,f-unsaturated aldehyde provided the desired
product 2¢g in only modest yield and low enantioselectivity, in
addition to a dimeric byproduct (see Supporting Information
for details). Fortunately though, a substrate with an o,f3-
unsaturated thioester functionality, which is useful for various

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1: Optimization of conditions.!

Phk“‘"

2a
o (major diastereomer)

catalyst (5 mol %)
Ph)j\%\/WOH B — +
solvent, 25 °C, 24 h
o) /M
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1a o 5
Ph)J\\“"

2a'
(minor diastereomer)

Entry Catalyst Solvent Yield [%]® d.rl (2a:22") ee of 2a [%]¢
1 3a CH,Cl, 98 3.6:1 9%
2 3a benzene 99 3.4:1 97
3 3a toluene 99 3.2:1 97
4 3a Et,0 92 3.0:1 96
5 3a CPME® 97 3.7:1 98
6 3a THF 97 4.8:1 98
7t 3a THF 60 5.1:1 98
8 3b THF 88 4.5:1 97
9 3c THF 99 5.7:1 —-95
10 3d THF 81 5.5:1 —95
11 3e THF 99 7.4:1 97

[a] Reactions were run with Ta (0.1 mmol) and the catalyst (0.005 mmol)
in the solvent (0.2 mL). [b] Isolated yields. [c] Diastereomeric ratios were
determined by "H NMR. [d] Values are for the major diastereomer 2a.
[e] CPME = cyclopentyl methyl ether. [f] Reaction was run with 1 mol %

3a (0.001 mmol).
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subsequent transformations including Fukuyama reduction
for conversion into a formyl group,'? underwent this reaction
and yielded spiroketal product 2h with high enantioselecti-
vity.” Furthermore, this method could also be applied to the
construction of [4,5]-spiroketal ring systems with excellent
enantioselectivity (2i, 2j, and 2k)."” The absolute configu-
rations of 2e were determined by X-ray analysis (see the
Supporting Information), and the configurations of all of the
other examples were assigned analogously.

Using the obtained product 2h, we carried out the
asymmetric syntheses of chalcogran 6, a pheromone of the
six-spined spruce bark beetle Pityogenes chalcographus, and
its azide derivative 7 (Scheme 2).M Reduction of 2h with
lithium aluminium hydride followed by tosylation afforded
the corresponding tosylate 5 without any erosion of enantio-
meric excess in 64 % yield for the two steps. Subsequent
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Table 2: Substrate scope.?

o (0]
: 2a CH30/©)J:b
99% 63% 97%
7.4:1dr 8.4:1dr 6.4:1dr
97% ee 97% ee 96% ee
[0 o
Br/©):d ‘ 2e
96% 87%
7.6:1dr 7.7:1dr
97% ee 97% ee
o
PhsJ\“"'
2fib] 2gc] 2h
80% 40% 82%
7.1:1dr 3.6:1dr 8.6:1dr
94% ee 39% ee 96% ee
O (0] (0]
83% 87% 90%
4.6:1dr 4.7:1dr 4.6:1dr
97% ee 97% ee 96% ee

[a] Reactions were run with 1 (0.1 mmol) and 3e (0.005 mmol) in THF
(0.2 mL) at 25°C for 24 h. Yields represent material isolated after silica
gel column chromatography. Diastereomeric ratios were determined by
"H NMR. Values of ee are for major diastereomers. [b] Reaction was run
on a 0.2 mmol scale with 0.02 mmol of 3e for 7 d. [c] Reaction was run
on a 0.2 mmol scale with 0.02 mmol of 3e for 10 d. [d] Reaction was run
on a 0.3 mmol scale.
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Scheme 2. Synthesis of chalcogran (6) and its derivative 7.
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reduction with lithium triethylborohydride gave optically
active (28,55)-chalcogran (6) in 87 % yield. Compound 5 was
also treated with sodium azide in DMF to afford 7, which
contains the pheromone framework with an azide tag. Such
a transformation expands the utility of the bioactive structure
by allowing its facile introduction into various compounds by
means of well-established ligation methods based on click
chemistry.['

To gain insight into the enantiodetermining step, the
minor diastereomer 2e’ was also stereochemically analyzed
(see the Supporting Information). The results strongly suggest
that both product diastereomers have a consistent absolute
configuration (the same (R)-configuration) at the -position
of the carbonyl group. These facts, as well as the knowledge
obtained from our previous studies,” indicate that the
enantioselectivity of this reaction can be attributed largely
to the second step comprising the oxy-Michael addition from
the hemiacetal intermediates. At this stage, we believe that
the diastereoselectivity is determined through kinetic reso-
lution of the chiral hemiacetal intermediates, which are
generated even in the absence of any catalyst: the presence of
the hemiacetal form of 1a was observed by '"H NMR analysis
of a solution of pure 1a in [Dg]THF ([open chain form]/
[hemiacetal form]=3.4:1, see the Supporting Information).
In addition, when the isolated pure diastereomers of 2a and
2a’ were resubjected to the reaction conditions, the other
diastereomers were not generated, and the enantiomeric
excesses were completely unchanged in both cases (see the
Supporting Information). We can thus rule out any effects on
the stereoselectivity of degradation of the formed spiroketals,
such as isomerizations between the diastereomers and reverse
reactions.

In summary, we have demonstrated a novel catalytic
asymmetric spiroketal synthesis that allows direct access to
synthetically challenging spiroketal structures from achiral
substrates. This method affords spiroketal structures through
the relay formation of contiguous oxacycles, in which multi-
point recognition by the bifunctional catalyst through hydro-
gen bonding imparts high enantioselectivity. The product
frameworks are found in various bioactive compounds, such
as insect pheromones. Optically active (2S,5S)-chalcogran,
a pheromone of the six-spined spruce bark beetle, and an
azide derivative thereof were readily synthesized from the
spiroketalization product. Further studies regarding expan-
sion of the substrate scope and the application of this
methodology to the synthesis of various biologically active
compounds are currently ongoing in our laboratory and will
be reported in due course.

Experimental Section

General procedure for asymmetric synthesis of 2-substituted spiro-
ketals: Substrate 1 (0.1 mmol), THF (0.2 mL), and 3e (0.005 mmol)
were sequentially added to a S mL vial. The mixture was stirred in an
oil bath maintained at 25°C for 24 h. The reaction mixture was
subsequently diluted with hexane/EtOAc (v/v=1:1), passed through
a short silica gel pad to remove 3e, and concentrated in vacuo.
Purification of the reaction mixture by flash silica gel column
chromatography with hexane/EtOAc (v/v=1:1) as an eluent afforded
the corresponding 2-alkylspiroketals 2.
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