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Catalytic Enantioselective Direct Aldol Addition of Aryl Ketones

to a-Fluorinated Ketones

Connor J. Thomson!®, David M. Barber® and Darren J. Dixonll#

Abstract: The catalytic enantioselective synthesis of a-fluorinated
chiral tertiary alcohols from (hetero)aryl methyl ketones is described.
The use of a bifunctional iminophosphorane (BIMP) superbase was
found to facilitate direct aldol addition by providing the strong
Brgnsted basicity required for rapid aryl enolate formation. The new
synthetic protocol is easy to perform and tolerates a broad range of
functionalities and heterocycles with high enantioselectivity (up to
>99:1 er). Multi-gram scalability has been demonstrated along with
catalyst recovery and recycling. NMR studies identified a 1400-fold
rate enhancement under BIMP catalysis, compared to the prior state
of the art catalytic system. The utility of the aldol products has been
highlighted with the synthesis of various enantioenriched building
blocks and heterocycles, including 1,3-aminoalcohol, 1,3-diol,
oxetane and isoxazoline derivatives.

The direct aldol reaction is amongst the most powerful synthetic
tools in organic chemistry.! Such reactions offer access to
fundamental synthetic intermediates with perfect atom economy
and do not require pre-formation of a stoichiometric enolate, enol
silane or enamine equivalent.? Pioneering work by Wiechert,
Barbas and List has inspired numerous enantioselective
modifications,® thereby allowing the application of aldol chemistry
to the construction of optically active natural products,
macromolecules and pharmaceutically active ingredients.*
Further significant contributions from the groups of MacMillan,®
Shibasaki,® Maruoka,” and others,® have continued to enhance
the utility of this routine reaction.

The enantioselective aldol reaction is wide reaching with
respect to the variety of electrophilic acceptors able to react
efficiently with ketone donors under mild conditions.® However, it
is still limited with respect to the range of compatible donor
synthons. Aliphatic ketones have been used extensively in the
aldol manifold, partly due to their ease of activation through
primary or secondary amine catalysts operating via enamine
intermediates.’® Meanwhile, the use of aryl ketones as
nucleophilic donors remains highly challenging; reluctant
formation of aryl enamines precludes amine catalysis from being
synthetically useful in this context.%'* Furthermore, direct access
to enolate intermediates is limited by the relatively high pKa (~25
in DMSO) of aryl ketones, and is challenging in the absence of
strong stoichiometric organometallic bases such as LDA.*?

a-Fluorinated ketones are competent aldol acceptors and
serve as a convenient fluorine source;™® 4 there are over 20
reports of enantioselective direct aldol additions of aliphatic
ketones to trifluoromethyl ketones in the primary literature.'®
However, to the best of our knowledge only two such reports exist
for the corresponding reaction with aryl ketones. These reports
from Ikemoto and Da both utilise Takemoto’s tertiary amine
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Scheme 1. A) Previous work on the direct aldol addition of aryl methyl ketones to
o-fluorinated ketones. B) This work: BIMP superbase catalyzed formation of
(hetero)aryl enolates facilitates rapid aldol addition.

catalyst as a weak base to promote enolate formation. Although
demonstrating synthetic utility, these examples are limited by long
reaction times of 6 days for unbiased substrates.! 16 Additionally,
although Da’s report affords products with high er, the method is
restricted to aryl ketones bearing an ortho-hydroxy substituent.
Highlighting the challenging nature of this reaction is the absence
of metal-catalyzed or stoichiometric enantioselective methods in
the literature. The low catalytic activity observed in existing
reports is likely due to the weak Brgnsted basicity of the tertiary
amine catalyst, resulting in slow activation of the pro-nucleophile.
Consequently, the identification of new catalyst systems able to
efficiently activate aryl ketones towards aldol chemistry would
significantly advance the field. In order to overcome the inherently
low reactivity of aryl ketones as pro-nucleophiles, we envisaged
the use of a bifunctional iminophosphorane (BIMP) superbase to
rapidly generate a reactive enolate species from the donor aryl
methyl ketone and simultaneously activate an acceptor ketone
through hydrogen-bonding interactions.'” Herein we report our
findings.

Our studies began by assessing organocatalysts in the
reaction of acetophenone (1a) with 2,2,2-trifluoroacetophenone
(2a) (Table 1A). As expected, the weakly basic bifunctional
cinchona alkaloid catalyst A was not proficient in the model
reaction (Table 1A, entry 1). Pleasingly, however, promising
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A | Optimization of reaction conditions
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Ph)l\ F3CJLPh - PhM"'Ph
solvent [0.1M], T, 24 h CF-
1a 2a 3a
Entry Cat. Solvent T Conversion (%)[! erlb]
1 A Et,0 rt trace N.D.
2 B Et,0 rt 64 62:38
3 c Et,0 t 52 61:39
4 D Et,0 it 8 N.D.
5 E Et,0 t 63 74.5:255
6 F Et,0 rt >95 75:25
7 F CPME rt >95 82:18
8 F CPME -15°C >95 90:10
9 G CPME -15°C >95 94:6
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Table 1. A) Optimization of the direct aldol addition of acetophenone (1a) to 2,2,2-
trifluoroacetophenone (2a). B) Selected catalysts investigated for the model reaction of 1a
with 2a. [a] determined by "H NMR analysis of crude reaction mixture. [b] determined by
HPLC analysis on chiral stationary phase. [c] 18 hour reaction time. [d] isolated yield. N.D.
= not determined. CPME = cyclopentyl methyl ether. PMP = para-methoxy phenyl.

selectivity and reactivity was observed when treating equimolar
amounts of 1a and 2a with 10 mol% BIMP catalyst B in Et,O at
room temperature; aldol adduct 3a was obtained in 62:38 er and
64% conversion after 24 hours (Table 1A, entry 2). Having
established proof of concept, focus turned to optimization of
catalyst structure and reaction conditions (Table 1B). The
modular nature of BIMP catalysts facilitates rapid optimization of
catalyst structure: the chiral back-bone can be amino-acid
derived; the variation of the H-bond donor requires only trivial
coupling of the primary amine to a carboxylic acid or
iso(thio)cyanate; and phosphine variation is conveniently
performed as a final-step in situ Staudinger reaction. Fine-tuning
of the catalyst revealed the strongly basic and sterically
demanding 1-naphthyl amide catalyst H to be optimal, which, in
combination with a solvent change to CPME and cooling to
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-15 °C, afforded 3a in 97:3 er and 96% isolated yield (see ESI for
details)?.

Having established an efficient protocol, a variety of
(hetero)aryl methyl ketones and a—fluorinated ketones were
evaluated (Scheme 2A). Minimal fluctuation of enantioselectivity
was observed when substituents on the aryl ring of either ketone
was varied, with the products generally obtained in good to
excellent yield. Potentially incompatible functionalities were well-
tolerated, with cyano, nitro and vinyl substituted ketones providing
the aldol adducts 3f-3h efficiently and selectively. Reaction of 1,4-
diacetylbenzene (1n) furnished the bis-aldol product (3n) in 95:5
er and with high diastereoselectivity (20:1 dr). Pleasingly, the
scope of this transformation was extended to provide a variety of
heterocyclic products. Quinoline, pyrazine, pyridine, thiophene,
thiazole and pyrazolyl substrates were all compatible with the
iminophosphorane catalyst system, and competently furnished
the medicinal chemistry-relevant products 3t-3z with high
enantioselectivity (92:8 to >99:1 er) and yield. Importantly, our
method could be extended to other a-fluorinated ketones. Tertiary
alcohol products bearing chlorodifluoromethyl, perfluoroethyl and
perfluoroheptyl substituents at the newly formed stereocentre
(3aa-3ac) were obtained with high er (96:4 to 97.5:2.5 er). These
products are the first examples of an enantioselective aldol
reaction of aryl ketones with a-fluorinated ketones other than a-
CFs. In general, the reaction profile was very clean, with only the
product, catalyst and any unreacted substrate present in the
crude reaction mixture. Enolisable aryl ketones other than
methylketones, such as propiophenone, failed to afford any
desired aldol product; most likely due to rapid reversibility by a
retro-aldol reaction.®

To substantiate the scalability of this methodology, the
reaction of 1i with 2a was performed on an 8-gram scale using a
reduced catalyst loading of 2 mol% to afford 13 grams of aldol-
adduct 3i as a single enantiomer after one recrystallization, and
without the need for column chromatography (Scheme 2B).
Notably, catalyst H was recovered in 96% yield simply by adding
water to the crude reaction mixture to induce precipitation. No
erosion of enantioselectivity or yield was observed when recycling
the recovered catalyst in the synthesis of model substrate 3a, thus
demonstrating the possible commercial capability of this
methodology and the wider BIMP family of catalysts.

With the aim of demonstrating the utility of B-fluorinated-p-
hydroxy ketone products, we explored enantiopure 3i as a
scaffold for downstream derivatization (Scheme 2C).
Hydrogenation of ketone 3i with palladium on carbon under acidic
conditions afforded the y-benzylic tertiary alcohol 4. Meanwhile
hydrogenation under neutral conditions gave diol 5, which was
efficiently cyclized to oxetane 6 by an intramolecular Mitsunobu
reaction. Furthermore, oxime 7 was identified as a versatile
intermediate for further derivatization of the B-hydroxyketone
backbone; condensation with hydroxylamine cleanly afforded 7 as
a 4:1 mix of E/Z isomers, which was purified to a single isomer for
subsequent transformations. 1,3-Aminoalcohol 8 was thus
obtained in 7:2 dr and high yield via classical hydrogenation.
Cyclization of 7 afforded enantioenriched isoxazoline 9; such
heterocycles are prominent motifs in agrochemicals.? Lastly, acid
catalyzed Beckmann rearrangement of the oxime smoothly
furnished secondary amide 10.
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Scheme 2. A) Scope of the BIMP catalyzed direct aldol addition of (hetero)aryl methyl ketones to a-fluorinated ketones. B) Preparative scale synthesis of 3i. C) Derivatization of 3i: (a)
H,, Pd/C, HCI, EtOH, RT, 4 h; (b) H,, Pd/C, EtOH, -10 °C, 4 h; (c) DIAD, PPhj, benzene, RT, 30 min; (d) NH,OH.HCI, pyr, 50 °C, 4 h; (e) H,, Pd/C, EtOH, rt, 18 h; (f) DIAD, P(PMP)3,
THF, -15 °C, 24 h; (g) POCl3, HCI, CH,Cly, rt, 1 h. Stereochemical configuration was assigned by analogy with (S)-3i (determined by single crystal X-ray diffraction studies). [a] with 3.0
eq of 2n, er of minor diastereomer is >99.5:0.5. [b] TBME [1.0 M], -15 °C, 36 h. [c] after single recrystallization (94.5:4.5 crude er). [d] tentative assignment of absolute stereochemistry
based on 'H-"H NOE NMR data. [e] tentative assignment of relative configuration based on H-'9F NOE NMR data.
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Monitoring the reaction over time by NMR demonstrated the
exceptionally enhanced reactivity of iminophosphorane catalyst H
compared to Takemoto’s thiourea catalyst |, and cinchona
alkaloid A (Figure 1). Notably, this study shows a >1400-fold rate
enhancement relative to the prior state of the art catalytic system
(catalyst | used under the conditions reported by Ikemoto), 1* and
that synthetically useful yields can be obtained in minutes; 83%
conversion and 80% isolated yield after 120 minutes. The pKgus
of catalyst H was found to be 25.5 (in MeCN), suggesting that the
strong basicity of the iminophosphorane group is responsible for
activation of high pK, aryl ketone substrates. However, no
reaction was observed when catalyst H was N-methylated.
Hence, it is likely that the significant rate enhancement is due to
synergistic effects between the amide and iminophosphorane
groups of H; thus supporting the theory that BIMP catalysts
operate with bifunctional activation of one or more substrates.

Figure 1 also revealed a significant rate decrease over the
course of the reaction, suggesting product inhibition and/or
catalyst decomposition. Indeed, binding of the aldol product 3w to
catalyst H was later suggested by product-doping experiments, in
which lower reaction rates were observed with increasing doping
of 3w from the beginning of the reaction. Furthermore, evidence

A Reaction rate comparison

100

— BIMP catalyst H
— Takemoto's catalyst
= Cinchona catalyst A

Conversion (%]

20

o 50 100 150 200 250 300 350 400 450 500

Time (min)

B ' Relative rates!®!

/@ OMe
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>
CFs Ph
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" ) |>N s T3
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“P(PMP);

Thiourea cat. | BIMP cat. H
[state of the art] pKgy+ 25.5 [MeCNJ©

0.03 1 1414
[kreI]

Cinchona cat. A

Figure 1. A) Graph of conversion over time for BIMP catalyst H, catalyst | and
cinchona catalyst A in the direct aldol addition of 1a to 2a. B) Catalyst structures and
relative rate values. [a] determined by quantitative 'H NMR. [b] determined from the
relative intial slope of conversion vs. time plots for each catalyst. [c] determined by
NMR. Relative rates for catalyst A and H were measured under standard conditions;
relative rate for cat. | was measured using the optimal conditions reported by
Iketmoto (ref 11).
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for a 1:1 complex of catalyst H and product 3a (97:3 er) was found
using Job’s method, which showed a maximum at 0.5 mol fraction
on a standard Job plot (see ESI). Lastly, background catalyst
degradation was found to occur via an aza-Wittig reaction
between the iminophosphorane moiety of catalyst H and the
trifluoroketone.?* This decomposition is significantly reduced by
slow addition of the trifluoromethylketone to the reaction mixture,
and this technigue was found to be crucial during the large-scale
synthesis of 3i at low catalyst loading (2 mol%).

In summary, an efficient and general method for the direct
aldol addition of (hetero)aryl methyl ketones to a-trifluoro and a-
perfluoro aryl ketones has been developed. The new protocol
affords enantioenriched a-fluorinated alcohols in high yield and
er, and is tolerant of a diverse range of substituted aromatics,
heterocycles, and a—fluorinated ketones. The design and use of
a novel and recyclable catalyst with high Bransted basicity is key
to allowing rapid access to chiral scaffolds from readily available
ketones. Importantly, *H NMR studies demonstrated a >1400-fold
rate enhancement compared to existing catalytic systems. The
reported method is amenable to multigram scale synthesis, and a
range of late-stage derivatizations has highlighted the synthetic
utility of a reaction product in downstream functionalization, with
potential applications in agrochemical and pharmaceutical
contexts.
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Aldol Addition of Aryl Ketones to a-

Fluorinated Ketones

The catalytic enantioselective synthesis of a-fluorinated chiral tertiary alcohols from (hetero)aryl methyl ketones is described. A novel
BIMP superbase catalyst facilitates direct aldol addition up to >1400 times faster than the previous state of the art.
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