ACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by University of South Dakota

anti-Selective Catalytic Asymmetric Nitroaldol Reaction of #-Keto
Esters; Intriguing Solvent Effect, Flow Reaction, and Synthesis of APlIs
Tomoya Karasawa, Raphaél Oriez, Naoya Kumagai, and Masakatsu Shibasaki

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.8b08236 « Publication Date (Web): 03 Sep 2018
Downloaded from http://pubs.acs.org on September 3, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 6

oNOYTULT D WN =

Journal of the American Chemical Society

anti-Selective Catalytic Asymmetric Nitroaldol Reaction of a-
Keto Esters; Intriguing Solvent Effect, Flow Reaction, and

Synthesis of APIs

Tomoya Karasawa, Rapha€l Oriez, Naoya Kumagai,* and Masakatsu Shibasaki*

Institute of Microbial Chemistry (BIKAKEN), 3-14-23 Kamiosaki, Shinagawa-ku, Tokyo 141-0021, Japan.

ABSTRACT: A rare-earth metal/alkali metal bimetallic catalyst proved particularly effective for enantioselectively coupling ni-
troalkanes and a-keto esters in an anti-selective manner to afford synthetically versatile, densely functionalized, and optically active
a-nitro tertiary alcohols. A chiral diamide ligand captured two distinct metal cations, giving rise to a catalytically competent solid-
phase heterobimetallic catalyst by simple mixing via self-assembly. The advantage of the solid-phase asymmetric catalyst was real-
ized by successful application to the enantio- and diastereoselective reaction in a continuous-flow platform. The use of closely-
related solvents in terms of structures and polarity parameters, THF and its methylated congener 2-Me-THF, had an unexpectedly
large solvent effect both on the reaction rate and the stereoselectivity. The nitroaldol products share a privileged unit for active
pharmaceutical ingredients (APIs), as demonstrated by the streamlined enantioselective synthesis of the marketed antifungal agents

efinaconazole and albaconazole.

INTRODUCTION

The concept of sustainability has gained increasing popularity
in developing practical synthetic reactions for application to
production processes. The nitroaldol reaction is particularly
advantageous in this regard (Scheme 1a), because 1) substrates
are readily available; 2) the reaction forges a C—C bond to
construct the main skeleton of the molecule of interest; 3) the
reaction installs consecutive hydroxyl and nitro groups on
stereogenic carbons; and 4) the reaction generally proceeds
under proton transfer conditions by the actions of a catalyst
with perfect atom economy."” Hence, the sheer number of
developments utilizing the catalytic asymmetric nitroaldol
reaction to stereoselectively couple aldehydes and nitroal-
kanes™ reported since its first disclosure in 1992 is not sur-
prising.” A decade of intense research revealed that this meth-
od is valid for a-keto esters as electrophiles to access vic-
amino alcohols including the tert-alcohol substructure with an
additional carboxylate group,” expanding the opportunity to
meet the increasing demand for densely functionalized
synthons (Scheme 1b). This catalyst-driven process is highly
useful in terms of atom economy, but the application of a
higher nitroalkane than nitromethane in this catalytic process
has remained elusive, and the introduction of an R® substituent
with decent stereocontrol of an additional stereogenic center
has remained problematic. Indeed, in contrast to the extensive
literature coverage of the reaction of nitromethane to a-keto
esters,”” there are only two reports of the diastereo- and enan-
tioselective variant. Nagasawa et al.® and Ooi et al.”" inde-
pendently documented complementary syn- and anti-selective
reactions using aliphatic a-keto esters, but aromatic substrates
were less tractable." Given that arylated vic-amino (fert-) al-
cohols are privileged in marketed antifungal agents, we were
particularly interested in applying our rare earth metal
(RE)/alkali metal heterobimetallic catalyst12 to incorporate

Scheme 1. Nitroaldol Reaction as a Powerful Tool for the
Synthesis of vic-Amino Alcohols

(a) Utility of nitroaldol reaction for the synthesis of vic-amino alcohol.
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aromatic o-keto esters as viable substrates in this potentially
useful catalytic process. Herein we report an anti-selective
catalytic asymmetric nitroaldol reaction of a-keto esters with
broad substrate generality (Scheme 1c). The Nd/Na heterobi-
metallic system worked as a solid-phase catalyst to furnish
anti-configured products with high stereoselectivity. A strong
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solvent effect was observed between structurally and physico-
chemically similar THF and 2-MeTHF, which was likely lev-
eraged by the polymeric nature of the present catalyst com-
plexes. This solid catalyst system was compatible with a flow
reaction platform and the enantioenriched products obtained
here contributed to the streamlined synthesis of the antifungal
agents efinaconazole and albaconazole,"” confirming the syn-
thetic utility of the present catalytic system.

RESULTS and DISCUSSION

The leucine-derived diamide ligand 1 having fluorophenol
units on both termini was specifically designed for the anti-
selective asymmetric nitroaldol reaction with the combined
use of Nd and Na cations. Simple mixing of
1/NdO, 5(0O'Pr);35/NaHMDS in THF led to the spontaneous
formation of an insoluble catalyst via self-assembly that exhib-
ited high catalytic performance as a solid-phase catalyst in
nitroaldol reactions to aldehydes'™ ' and o-trifluoromethyl
ketones.'” The identification of inexpensive metal sources
such as NdCl;*6H,0 and NaO'Bu to obtain similarly compe-
tent catalysts enhanced the practical aspects of this
catalysis.'>® This established system displayed high catalytic
performance in a nitroaldol reaction of nitroethane 2a and
benzoyl formates 3a-a’’, as representative aromatic a-keto
esters, affording the anti-configured and enantiomerically
enriched tertiary vic-nitroalkanols 4a-a’> with high stereose-
lectivity, irrespective of the ester substituents (Scheme 2). The
catalyst was broadly applicable to a range of a-keto esters 3
(Table 1). Intriguingly, the use of 2-Me-THF instead of THF
as a solvent enhanced the reaction rate and generally afforded
better stereoselectivity, enabling completion of the reaction
with as little as 1 mol% of catalyst loading (entry 2). Aromatic
a-keto esters bearing electron-donating alkyl and methoxy
groups, and electron-withdrawing halogen and CF; groups
were tolerated to give the desired nitroaldol adducts with high
stereoselectivity (entries 5-21). Although the o-fluoro substit-
uent was accommodated (entries 18,19), the catalytic system
was sensitive to the steric factor and the o-Me group halted the
catalysis.'* Bulky substituents at the p-position were compati-
ble with less satisfactory yield and stereoselectivity in the re-
action using THF as the solvent (entries 9,11), but this was
considerably improved by switching the solvent to 2-Me-THF
(entries 10,12). Heteroaromatic substrates were successfully
incorporated with high stereoselectivity (entries

Scheme 2. Nitroaldol Reaction as a Powerful Tool for the
Synthesis of vic-Amino Alcohols”

ratio
diamide ligand 1 1 self-assembly

o Bu y OH
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o ( catalyst 3 mol% >
+

Ph)J\COZR NO, THF, -60 °C, 20 h Ph™
NO,
3a :R=Me 2a 4a : R =Me 97%, anti/syn >98/2, 95% ee
3a':R=Et 4a' :R=Et 97%, antilsyn>98/2, 95% ee
3a":R="Pr 4a": R ='"Pr 99%, antilsyn 97/3,97% ee

“2a: 1.2 mmol, 3: 0.12 mmol. Catalyst amount was based on
Nd used. Isolated yield is reported. Ee was determined by chiral
stationary phase HPLC analysis.

Table 1. anti-Selective Catalytic Asymmetric Nitroaldol
Reaction of a-Keto Ester 3“

Nd/Na heterobimetallic HO CO,Me
1 . R? catalyst x mol% S Re
o 1 Y
17 > COM THF, -60 °C, 20 h R
R qlvie NO, NO,
3 2 4
o-keto esty itroalk: jeld” d
entry Rleoes er Rr;l roaxane pdt  solvent x }2102) antl/syn‘(eo/:)
1 pn 3 Me va  4a THF 3 97 >982 95
2 2-MeTHF 1 97 >98/2 99
3 2naph  3b Me 2a  4ba THE 3 93 9822 94
4 2MeTHF 3 97 >98/2 99
5 THF 6 94 97/3 87
3-MeC¢H; 3¢ Me 2a 4ca
6 e 2-Me-THF 3 95 >982 98
7 4-MeCgH, 3d Me 2a 4da THFE 6 94 >9822 96
8 2Me-THF 3 95 >98/2 99
9 THF 6 82 946 77
4-PhCeH M 2a 4
10 CeHe 3¢ Me 8 %8 oMeTHF 3 97 >9822 99
M 4BUCH, 3f Me 2a  4fa THF 6 70 964 67
12 2Me-THF 6 87 >98/2 93
13 THF 6 90 973 90
-MeOC4H M 2a 4
1q ~ 3MeOCeHi3g Me 8 9% o MeTHF 3 93 >9822 99
15 4FCeH, 3h Me 2a  4ha THF 3 94 96/4 93
16 4CICeH, 3i Me 2a dia THE 6 94 9872 93
17 4BiCgHs 3j Me 2a dja THFE 6 96 982 89
18 THE 6 98 87/13 91
24-F,CeHg 3k M 2a 4k
19 2Cefls 3k Me 3 Y@ oMeTHF 6 81 8614 91
20 4CF4CeHy 31 Me 2a  4la THE 3 96 955 85
21 2Me-THF 3 96 >98/2 98
22 i THF 6 85 982 87
2-thienyl M 22 4
23 thienyl  3m  Me 8 M o MeTHF 3 79 >9822 96
24 Tps.C=C 3n Me 2a  4na THF 6 70 7525 81
25 2Me-THF 6 78 8317 85
26 PhCH,CH, 30 Me 2a  4oa THF 9 81 79/21 46
27 2MeTHF 9 81 8812 92
284 oy s Et o 4ab THF 9 83 o982 72
294/ 2-Me-THF 9 96 >98/2 99
S0k ppy 3a CH,OTBS 2¢  4ac THF 9 19 84716 <5
31fe 2MeTHF 9 71 91/9 81

“: 12 mmol, 3: 0.12 mmol. ’Isolated yield of anti-
diastereomer. “Determined by '"H NMR of crude reaction mixture.
dDetermined by chiral stationary phase HPLC analysis. “‘Run at —
78 °C./Run for 48 h. ¥5 equiv of nitroalkane 2¢ was used.

22,23). Although the stereoselectivity was marginally lower,
reactions using a-keto esters with alkynyl and alkyl substitu-
ents proceeded smoothly (entries 24-27), exemplifying the
wide scope of the present catalysis. As for nitroalkanes, nitro-
propane 2b and TBS-protected 2-nitroethanol 2c¢ exhibited
acceptable reactivity, albeit with higher catalyst loading (9
mol%) (entries 28-31). The significantly enhanced yield and
enantioselectivities of nitroaldol products 4la, 4ma, 40a, 4ab,
and 4ac with 2-Me-THF are noteworthy (entries
21,23,27,29,31).

We next turned our attention to the unexpectedly large and
beneficial solvent effect of 2-Me-THF. In terms of the physi-
cochemical parameters and three-dimensional molecular struc-
ture, 2-Me-THF is between THF and EtZO.15 The reaction
using Et,O or other ethereal solvents, however, had markedly
diminished stereoselectivity,'® suggesting that THF molecules
were partly involved as Lewis basic ligands in the key reaction
steps. The profile of the reactions of 2a and 3a revealed signif-
icant rate enhancement (ca. 6.1-fold in the reaction of 3a and
4b) with 2-Me-THF (vide supra). Because 2-Me-THF pos-
sesses intrinsic chirality, we synthesized both (R)- and (S)-2-
Me-THF to further dissect this intriguing solvent effect.'” The
first description of chemical reactions in chiral medium by
Seebach in 1975 inspired the concept of chiral solvents in en-
antioselective reactions,'® which was fostered synergistically
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Figure 1. Nitroaldol reactions in different media, pure THF or 2-
Me-THF with varied enantiomeric excess. Catalysts were pre-
pared in a similar manner as shown in Scheme 2. In all cases, 10
equiv of nitroalkane was used and the reaction reached >80%
(generally >95%) conversion after the designated reaction time
and anti/syn ratio exceeds >20/1. Er denotes the enantiomeric
ratio of the depicted (2R,3S)-isomer relative to the antipodal
(28,3R)-isomer. Reaction 1 in THF was performed with 6 mol%
of catalyst.

with the development of ionic liquids as designer solvents."
Although a number of chiral ionic liquids have been disclosed
as chiral reaction media and additives,” neutral chiral solvents
have barely been explored due to the generally subtle effect on
the reactions of interest.”’

We selected two sets of reactions for in-depth study, 2a+3e
and 2b+3a, where large deviations in enantioselectivity were
detected depending on the selected solvent. These substrates
were submitted to the reactions in partially enantiomerically
enriched 2-Me-THF media, as illustrated in the plot of the
enantiomeric excess of 2-Me-THF vs the enantiomeric ratio
(er: major-(2R,3S)/minor-(2S,3R)) of the corresponding prod-
ucts 4ea and 4ab (Figure 1). Significant enhancement of the
enantiomeric excess (99% ee, er 199) became evident with
racemic 2-Me-THF as shown in Table 1, and similar beneficial
effects were obtained with enantiomerically pure (R)-2-Me-
THF. In marked contrast, the reactions with enantiomerically
pure (S)-2-Me-THF afforded the products with an enantio-
meric ratio similar to that observed for THF. The enantiomeric
ratio gradually increased with an increase in the fraction of

Nd/Na heterobimetallic

j)\ Et catalyst 9 mol% HO}\/COZM‘?’
. ;
Ph” “CO,Me o 78 L
NO, NO,
3a 2 4ab
yield (%)
100
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75 =
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0
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Figure 2. Reaction profile of 2b and 3a in different reaction me-
dia, THF, racemic 2-Me-THF, and enantiopure 2-Me-THF. 10
equiv of nitroalkane was used. Inset: initial rates of the reaction in
THF (closed circle) and 2-Me-THF (plus), showing that the latter
is 6.1-times faster.

Nd/Na heterobimetallic

o] catalyst 9 mol% HQ, CO:R
)]\ + H___NO; S : NO,
Ph CO.R -78°C,48h Ph R
5a :R=Me
5a':R=Et
5a": R=Pr

R 40 32% ee 20% ee

[99%)] [92%]

[98%)] 97%] | | [89%]  [97%] |
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Figure 3. Divergent enantioselectivity in nitroaldol reaction of
nitromethane 2d and benzoyl formats 3a—a’’. 10 equiv of nitroal-
kane was used

(R)-2-Me-THF over (S)-2-Me-THF in the reaction media, in-
dicating that the Nd/Na catalyst responded to the chirality of
the solvent molecules. Considering the positive dependency of
the reaction rate on the concentration of the a-keto ester,” (R)-
2-Me-THF was likely the matched dative ligand for the Nd/Na
complex and played a key role in forming the desired (2R,3S)-
enantiomer. When the solution was comprised of half (R)-2-
Me-THF, i.e., racemic 2-Me-THF, the beneficial effect in the
enantiomeric ratio was saturated, presumably because the
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matched (R)-2-Me-THF had stronger affinity to the Nd/Na
catalyst, which enhanced the enantioselectivity. This assump-
tion is further supported by the observed reaction rate trend in
the order of (R)-2-Me-THF > rac-2-Me-THF > THF > (S)-2-
Me-THF (Figure 2), where the content of (R)-2-Me-THF dic-
tated the rate acceleration. The notable difference in the reac-
tion rate between THF and 2-Me-THF variants is intriguing,
and is tentatively ascribed to the accessibility of the Nd cation
as a Lewis acid to accept a-keto esters for C—C bond-forming
events. Given the high coordination number of the rare earth
Nd cation,” the sterically less demanding THF molecules
might be more prone to occupy the coordination sphere, there-
by retarding the reaction.

The solvent effects were further illustrated by the observed
divergent enantioselectivity in the reaction of nitromethane 2d
(Figure 3). While the reaction of benzoyl formates 3a—a’’ in 2-
Me-THF consistently afforded the corresponding products Sa—
a”’ in an identical 2R-configuration, irrespective of the ester
groups, the same reactions of methyl and ethyl esters in THF
gave rise preferentially to the opposite 2S-configured products,
indicating that 1) an extra methyl group of the metal nitronate
of nitroethane 2a played a pivotal role in controlling the
prochiral-face selection of incoming a-keto esters; and 2) an
extra methyl group of 2-Me-THF was juxtaposed in near prox-
imity to direct a-keto esters to favor 2R-products. This as-
sumption based on sterics is consistent with the different ste-
reoselection trend observed with the bulkier isopropyl ester
3a’’; both THF and 2-Me-THF enhanced the formation of 2R-
products, presumably due to the larger steric bias of the iso-
propyl group.

The heterogeneity of the Nd/Na catalyst was leveraged by
implementing the present asymmetric catalysis in a continu-
ous-flow reaction platform.** Flow reactions have been gain-
ing increasing attention in industry as safer, more reproduci-
ble, and more scalable options over traditional batch condi-
tions.” The application of asymmetric catalysis in a continu-
ous-flow system is still limited largely due to the scarcity of
reliable solid-phase asymmetric catalysts.”*" *** ***” Based on
the carbon nanotube (CNT) confinement strategy, we previ-
ously demonstrated that simple mixing of multiwalled CNTs
(MWNTs) in the catalyst preparation process produced the
composite material of the MWNTs and the Nd/Na heterobime-
tallic catalyst, which proved to be a durable solid-phase cata-
lyst competent for a continuous-flow reaction. We confirmed
that this strategy was also valid for the reaction of a-keto es-
ters. The substrate mixture (2a and 3a) in 2-Me-THF was
passed through a stainless-steel column charged with the

Scheme 3. anti-Selective Catalytic Asymmetric Nitroaldol
Reaction of a-Keto Ester in a Continuous-Flow Platform

combined substrate

reservoir in 2-Me-THF
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Scheme 4. Stereoselective Synthesis of Efinaconazole and
Albaconazole

F HQ CO,Me F HQ CO,Me
with ent-1 a b
—_— —_— —_—
NO, 92% NHBoc 91%
ent-4ka F 6
91% ee
{3
Q N
g — > FHQ
79%
E NHBoc
8 NHBoc
F 9
//—N
N
O

56% 65%
(2 steps) (3 steps)

albaconazole ClI

efinaconazole

Reagents and conditions: (a) Pd/C, H,, Boc,0O, MeOH, rt, 12 h,
92%; (b)NaBH,, THF/MeOH, rt, 12 h, 91%; (c) NCCH=P"Bus,
1,2,4-triazole, toluene, 80 °C, 3 h; after evaporation, K,COs;,
DMF, 70 °C, 11 h, 79%; (d) 4 M HCV/1,4-dioxane, rt, 2 h; (e,) 10,
'Pr,NEt, DMA, 80 °C, 24 h, 56% (2 steps); (f) 11, EDCI-HCI,
HOBt, 2,6-Iutidine, DMF, rt, 24 h; (g) Me,NCH(OMe),, MeOH,
70 °C, 24 h, 65% (3 steps).

MWNT-confined Nd/Na heterobimetallic catalyst. The desired
product was obtained in 92% yield (1.52 g) after 92 h without
any detrimental effect on stereoselectivity compared with
batch conditions. Of note, the cooling volume was significant-
ly reduced to decrease energy input for cryogenic conditions
and evaporation of the eluents gave the crude product without
any work-up procedure, resulting in an operationally simple
protocol.

The utility of the present catalysis was demonstrated by a
streamlined stereoselective synthesis of the marketed antifun-
gal agents efinaconazole and albaconazole,” which share a
key structural motif of 2,4-difluoroarylated vic-amino (fert-
)alcohol (Scheme 4). The nitroaldol reaction of a-keto ester 3k
and nitroethane 2a with antipodal ligand ent-1 furnished ent-
4ka bearing functionalities in a suitable stereochemistry. Fac-
ile reduction of the nitro group over Pd/C under hydrogen
atmosphere followed by Boc protection gave 6 in 92% yield.
Reduction of methyl ester with NaBH, gave diol 7, to which
1,2,4-triazole was installed using Tsunoda’s reagent
(NCCH=P"Bus;)** via intermediary epoxide 8 to afford 9. After
deprotection of the Boc group, the exposed amine was cap-
tured by dibromide 10 to construct the requisite piperidine
ring,” furnishing efinaconazole.”® From the identical interme-
diate 9, sequential amidation with 4-chloroantharanic acid 11
and subsequent condensation with N,N-dimethylformamide
dimethyl acetal gave rise to a quinazolone, which was fol-
1owe§11 by condensation with orthoformate to deliver albacona-
zole.
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CONCLUSION

In summary, we developed an anti-selective asymmetric ni-
troaldol reaction of a-keto esters and nitroalkanes with broad
substrate generality. A significant beneficial solvent effect of
2-Me-THF was observed and detailed study revealed that the
Nd/Na heterobimetallic catalyst recognized its chirality. A
continuous -flow reaction was successfully executed by taking
advantage of the heterogeneity of the Nd/Na heterobimetallic
catalyst. The utility of the present catalysis culminated in a
streamlined stereoselective synthesis of the marketed antifun-
gal agents efinaconazole and albaconazole.
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