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Organocatalytic Stereoconvergent Synthesis of a-CFz Amides;
Triketopiperazines and Their Heterocyclic Metamorphosis

Robert W. Foster,*@ Eva N. Lenz,® Nigel S. Simpkins,*® and Darren Stead*®

Abstract: The highly enantioselective alkylation of a-CF; enolates,
generated from triketopiperazines, has been accomplished through
use of a bifunctional thiourea organocatalyst to facilitate 1,4-addition
to varied enone acceptors. On treatment with appropriate nitrogen
nucleophiles, the chiral triketopiperazine products undergo a
metamorphosis, to provide novel fused heterocyclic lactams, such as
extended pyrazolopyrimidines.

The selective incorporation of fluorine within heterocyclic
compounds is a valuable strategy in drug discovery, most notably
for tuning the pharmacokinetic properties of bio-active
compounds in lead optimization.lY However, the polar nature of
the C-F bond that makes fluorine so valuable in pharmacology
can make the synthesis and manipulation of fluorinated
compounds particularly challenging.”! An important example is
the general instability of a-CFs; carbanions, which presents a
major obstacle in the synthesis of fluorinated building-blocks.?!
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We were interested in the enantioselective substitution of
prochiral enolates derived from a-CFz carbonyl compounds.l
However, the synthetic application of a-CFs; enolates has been
limited by facile beta-fluoride elimination (Scheme 1, Part A).5!
While a number of approaches have been developed to exploit a-
CF; enolates,® these typically depend on the pre-formation of
titanium, silicon or boron enolates using stoichiometric reagents
and bases. A more attractive approach is catalytic enolate
generation,! but achieving this with stereocontrol is a major
challenge. To date the only enantioselective method reported for
the transformation of a-CF;z enolates is the copper(ll)-catalyzed
Mannich-type reaction of a-CF; 7-azaindoline acetamides and N-
Boc imines developed by Kumagai and Shibasaki.®!

Herein we report the first use of an amine basel® for the
catalytic generation and reaction of a-CF3 enolates through the
stereoconvergent reaction of triketopiperazines (+)-1 (Scheme 1,
Part B). We hypothesized that by switching from an inorganic
base to an amine base, and by exploiting the resonance-stabilized
nature of triketopiperazine enolates, that enolate 4 would be
stable to fluoride elimination. A stabilized enolate would allow for
an organocatalytic, enantioselective 1,4-addition reaction with
enones to give piperazines 3.9 Further to this, we recognized the
potential for the rapid transformation of these products into polar
heterocyclic scaffolds by a rearrangement process that we have
termed heterocyclic metamorphosis.
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Scheme 2. Optimized organocatalytic 1,4-addition. Enantiomeric ratio (er)
determined by chiral supercritical fluid chromatography (SFC).

The 1,4-addition of triketopiperazine (+)-1a and methyl vinyl
ketone 2a was investigated and, following a screen of
organocatalytic bases and reaction conditions [see Supporting
Information], it was found that using commercially sourced
thiourea catalyst!l 5a in CH,Cl, at —15 °C gave 1,4-addition
product 3a with optimal yield and enantiocontrol. Crucially no
evidence of fluoride elimination was observed. It was found that
guenching the reaction at —15 °C gave a mixture of 1,4-addition
product 3a and bridged isomer 6 (as a mixture of
diastereoisomers). We suspected that 6 was an intermediate in
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the formation of 3a and found that the reaction could be driven to
provide 3a exclusively by warming the reaction mixture to 50 °C

once triketopiperazine (+)-1a was consumed. Using this approach,

1,4-addition product 3a was isolated in 91% yield and 97:3
enantiomeric ratio (er) on a 2.5 gram scale. A single crystallization
improved the enantiopurity of 3a to >99:1 er (78% overall yield)
and the absolute stereochemistry was determined by X-ray
diffraction crystallography.i*2

These conditions were used with a variety of enones 2 to give
the corresponding 1,4-addition products 3b-h in 61-87% yield
(Table 1). The reaction tolerated a diverse selection of
substituents including an N-Boc azetidine (3e, 85%, 94:6 er). The
reaction conditions were also effective with a number of different
triketopiperazines 3i-m, with products isolated in 56-84% yields.
It was possible to incorporate non-benzylic substituents on the
imide nitrogen position, with methyl ester 3m isolated in 65% yield
and 97:3 er. The use of trans-chalcone as an electrophile was
also explored but this resulted in no reaction.
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[a] Enantiomeric ratio (er) determined by chiral supercritical fluid
chromatography (SFC). [b] Reaction heated at 50 °C for an additional 23 h.

IH NMR reaction monitoring provided more detail on the role
of bridged hemiaminal 6 in the formation of triketopiperazine 3a
(Scheme 3, Part A). This experiment showed the rapid formation
and subsequent gradual consumption of diastereoisomeric 6a
and 6b and the slower formation of triketopiperazine 3a,
consistent with 6 being an intermediate in the formation of 3a.
Reaction conditions were developed in order to isolate 6 (Scheme
3, Part B). It was found that substituting dimethylamine catalyst
5a by piperidine analogue 5b, gave hemiaminal 6 (55% yield,
6a:6b = 85:15), with no formation of 3a. Subjecting a purified
sample of 6 to catalyst 5a under typical reaction conditions for 1
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hour resulted in the formation of triketopiperazine 3a, confirming
that 6 was an intermediate of 3a.
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Scheme 3. Mechanistic investigations.

Taken together, these observations are consistent with a
reaction pathway that starts with the catalyst-controlled 1,4-
addition of the enone to give a catalyst-enolate complex 7, which
rapidly undergoes ring closure to give bridged hemiaminal 6
(Scheme 4). The evidence from the mechanistic studies indicated
that this ring closure is reversible, and that enolate-catalyst
complex 7 is regenerated under the reaction conditions. Complex
7 is ultimately able to undergo a keto-enol tautomerism and
catalyst dissociation to give formal 1,4-addition product 3a.

-NR,*
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Scheme 4. Proposed mechanism.
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Table 2. Regioselective tricyclic pyrazolopyrimidine synthesis. @
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[a] Reagents and conditions: 2.0 equivalents 8, 8:2:1 EtOH:TEOA:AcOH (0.2 M), microwave reactor. Ratio 9:10 determined by *H NMR analysis of crude product
(500 MHz). [b] Enantiomeric ratio (er) determined by chiral SFC. Reaction used crystallized 3a (er >99:1). [c] 12 h Reaction time.

With an efficient route to a-CF; triketopiperazines in hand, we
investigated their metamorphosis into polar semi-saturated
heterocycles with properties suitable for use in drug discovery.
Pyrazolopyrimidines are a class of N-heterocyclic compounds
that have been widely exemplified in the development of
pharmaceutical agents,*® including a marketed insomnia
therapy.* It was postulated that condensing the pendant ketone
of 3 with 3-aminopyrazole 8 could afford an enamine-mediated
rearrangement (via intermediate 11, Table 2) to give a hemiaminal
which could then collapse to an a-keto amide, with aromatization
yielding tricyclic pyrazolopyrimidines 9.5 Conditions were
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Scheme 5. Deprotection and pyrazole synthesis. [a] Determined by chiral SFC.

developed for the synthesis of pyrimidine 9a and it was found that
both acetic acid and triethyl orthoacetate (TEOA) were beneficial
in minimizing formation of regioisomer 10a [see Supporting
Information]. Using this approach, pyrimidine 9a was isolated in
80% vyield (9a:10a >20:1) on a 500 mg scale without racemization
(er >99:1). This reaction of triketopiperazine 3a was effective with
a range of 3-aminopyrazoles 8, with pyrimidines 9a-9h isolated in
40-84% vyield, typically with good regiocontrol. The reaction was
extended beyond methyl ketone 3a, with triketopiperazine 3d
yielding pyrimidine in 76% yield (9i:10i = 3:1).

The deprotection of the pyrazolopyrimidine 9a was investigated
and it was found that trifluoromethanesulfonic acid (TfOH)
efficiently cleaved both benzyl groups to give pyrimidine 12 in
53% yield (Scheme 5). The methodology was also extended to
bicyclic pyrazole 13, by employing a base-mediated
rearrangement of triketopiperazine 3a.*6'”1 This one-pot
operation gave pyrazole 13 in 76% yield, with no loss of
enantiopurity (>99:1 er).

In summary, we have reported the organocatalytic
enantioselective 1,4-addition of enones and a-CFs; enolates
through use of the triketopiperazine scaffold. Furthermore, it has
been demonstrated how this methodology can be used to access
a wide variety of medicinally relevant tricyclic pyrazolopyrimidines
with both stereo- and regiocontrol.
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