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ABSTRACT: Helical chirality and selective anion-binding
processes are key strategies used in nature to promote
highly enantioselective chemical reactions. Although
enormous efforts have been made to develop simple
helical chiral systems and thus open new possibilities in
asymmetric catalysis and synthesis, the efficient use of
synthetic oligo- and polymeric helical chiral catalysts is still
very challenging and rather unusual. In this work,
structural unique chiral oligotriazoles have been developed
as C—H bond-based anion-binding catalysts for the
asymmetric dearomatization of N-heteroarenes. These
rotational flexible catalysts adopt a reinforced chiral helical
conformation upon binding to a chloride anion, allowing
high levels of chirality transfer via a close chiral anion-pair
complex with a preformed ionic substrate. This method-
ology offers a straightforward and potent entry to the
synthesis of chiral (bioactive)heterocycles with added
synthetic value from simple and abundant heteroarenes.

nion-binding catalysis is becoming a powerful tool in

hydrogen-bond-donor catalysis and organic synthesis.'
Besides the more traditional H-bonding catalytic approaches
that imply the activation of neutral electrophiles” or the use of
ion-pairing initiated by protonation with a Bronsted acid,’ anion-
binding catalysis is based on the activation of an ionic
electrophile by binding the catalyst to its counteranion (Figure
1). A close ion-pair between the substrate and the catalyst—anion
complex is formed, facilitating the attack of the nucleophile.
Moreover, when a chiral catalyst is used, the catalyst—anion
complex becomes chiral, and a chirality transfer to the final
product can be achieved.

To date, (thio)ureas, based on strong polarized N—H bonds as
H-bond donors, have demonstrated a distinctive reactivity."*
However, in the past few years, catalyst structures such as
thiophosphoramides (based on N—H bonds),” siladienols
(based on O—H bonds) ,° or the bistriazoles recently introduced
by our research group” (based on the cooperative action of “low-
polarized” C—H bonds as weak H-donors®) have also shown the
ability to promote reactions through anion-binding catalysis.
However, to further innovate in the area of anion-binding
catalysis and to attain previously inaccessible enantioselective
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Figure 1. Anion-binding catalysis approach.

transformations, the development of original chiral catalyst-
motifs is highly desirable.

Encouraged by the great synthetic potential of enantioselective
anion-binding catalysis, we pursued the development of a
conceptually novel family of chiral helical organocatalysts
(Figure 2). The efficient transfer of chirality from oligo- and
polymeric helical catalysts is rather unusual;” the design of simple
dynamic helical chiral systems that can easily be tuned and
controlled would offer new entries in asymmetric catalysis.'’

Based on our first promising results using bistriazole-based
systems (BisTri) as selective chloride-anion-binding catalysts’
and inspired by known helicenes derived from prolonged
condensed aromatic systems that cannot adopt a planar
conformation,’! extended structures with four triazole units
(TetraTri) have been designed.12 Flexibility would still be
present in these systems since the (hetero)aromatic subunits
would be linked by o-bonds. Having such highly flexible
structures, which in normal conditions will present in equilibrium
both linear and helical conformations, a reinforced defined
helical system can be envisioned upon complexation to a chloride
anion."® Thus, a favored defined chiral helical triazole—chloride
anion complex might be formed. This special feature and concept
can be then employed for chasing challenging asymmetric
transformations using anion-binding catalysis.

In this regard, we became highly interested in the enantio-
selective dearomatization of simple and abundant heteroar-
omatic compounds,'* which constitutes an elegant and
straightforward approach to generate synthetically valuable N-
heterocycles possessing new stereocenters. N-Heterocycles are
widely occurring key structural umts in a variety of natural and
synthetic bioactive molecules."> Consequently, their synthetic

Received: August 3, 2014
Published: September 11, 2014

dx.doi.org/10.1021/ja507940k | J. Am. Chem. Soc. 2014, 136, 13999—-14002


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

—_— f?
reinforced

fast conformational helical chirality
interconversion by anion-binding processes

this work: Q
N NV N”

N

classical approach:

2

N §
H H
R
TetraTri

1a

SH

=

.;\‘ N
E

H
- FSs
n‘: :
r
:C

Figure 2. Chiral helical reinforced conformation for asymmetric anion-
binding catalysis and designed triazole-based catalysts.

modification is of great importance in both academia and
industry. In recent years, several dearomatization reactions have
been developed; the most common strategy implies first the
activation of the heteroaromatlc ring by N-acylation, followed by
nucleophilic attack."* However, despite the high potential of
employing the dearomatization technique, catalytic asymmetric
processes are still very challenging and rare.'* Thus, only limited
methods implying organocatalysis for the efficient enantio-
selective nucleophilic dearomatization of electron-deficient N-
heteroarenes have been reported.*'

Here we described a new kind of C—H bond-based helical
triazole anion-binding catalyst for the enantioselective dearoma-
tization of quinolines by C2-selective nucleophilic addition of
silyl ketene acetals as enolate equivalents.'”

Initially, a small family of chiral triazole-based catalysts were
synthesized from appropriate bromo-substituted benzenes as
simple starting materials using iterative Sonogashira couplings,
terminal alkyne deprotection, and Cu-catalyzed azide—alkyne
1,3-cycloadditions (see Supporting Information (SI) for more
details). Chiral 1,2-diamines were used as backbone to
preorientate and later on guide the formation of one of the
two possible chiral helices upon binding to the chloride anion.
With these anion-binding catalysts TetraTri 1 and 2 in hand, we
explored the asymmetric dearomatization of quinolines (Table
1). N-Acyl Mannich addition with silyl ketene acetals was
selected as a suitable testing transformation for H-bond donor
activation, based on a prior related thiourea-based catalyzed
reaction with isoquinolines reported by Jacobsen et al.'®* We
started our screening with simple and readily available quinoline
(3a) as a model substrate, 2,2,2-trichloroethyl chloroformate
(TrocCl, R' = OCH,CCl,) as acylating agent, and isopropyl
TBS-ketene acetal 4a in the presence of 10 mol% of the TetraTri
catalyst. The reaction was carried out in methyl tert-butyl ether
(MTBE)), initially at —78 °C, and allowed to slowly reach room

Table 1. Optimization of Catalyst, Acylating Agent, and
Nucleophile®

i) R'COCI (1 equiv.) N

m MTBE, 0 °C, 30 min .9
2
N ii) TetraTri catalyst (X mol%) l OR
1
oTBS 4 (2 equiv.), temp., 1S h RT "0
3a Z 0R? 5

ent R R catalyst temp. yield’ ors
i (mol%)  (C) O N
1 OCH,CCly  iPr (RET())')“ 78-1t  Sa 76 96:4
2 OCH,CCL iPr (ng)')la 8-t Sa 70 4:96
3 OCH.CClL  iPr (Ré{())')za 78-1t  Sa 80 95
4 OCH.CCl;  iPr (Rg())';b 78 —rt Sa 82 81:19
S OCH.CClL  iPr (REII?);Z‘ 78-1t  Sa 61 8416
6  OCH.CClL  iPr (R’(Iiz)')m 8-t Sa 91 4159
7 OCH.CClL  iPr (Ré%')h 78 sa s1 958
8  OCH.CCL  iPr (REI;()).)h 30 sa 87 919
9  OCH.CCly iPr (Rz}f())')“ it sa 76 70:30
10 OCHCCl; tBu (Rgf())')“ 78-1t  Sb 8 982
11 OCH.CCl, Me (Rﬁ())')l“ 78—t Sc 56 64:36
12 OEt e BRTa o 37 5248

(10)
13 OBn pr BRIa o s8 5842
(10)
. (RR)-1a

14 Me iPr (10) -78 —rt 8 - -
1S OCH,CCly  iPr (R’é))'“ 78-1t  Sa 64 955
16 OCH.CCl;  iPr (R(’i')“ 78 —rt Sa 44 95:5
17 OCH.CCl  iPr - 8-t Sa 45 50:50

“Conditions: (i) 3a (1.0 equiv) and R'COCI (1.0 equiv) in MTBE at

0 °C, 30 min; (ii) at the corresponding temperature, catalyst (2 5—10
mol%) and 4 (2 equiv) were added and stirred for 15 h. bIsolated
yield. “Values for er were determined by chiral HPLC.

temperature (rt) overnight. The first catalyst tested, (R.R)-1a,
already possessing an alkynyl substituent, provided a high
enantioselectivity (entry 1, 96:4 er). Use of the enantiomer (S,S)-
la or the regioisomer (RR)-2a with the same alkynyl
substitution pattern provided similar levels of enantioinduction
in forming the opposite enantiomer and product Sa, respectively
(entries 2,3). In contrast, the catalysts with no substituent 2b or
CF,; groups 2¢ showed low chirality transfer efficiencies (entries
4,5). Reaction in the presence of BisTri catalyst B1, which
cannot present helical chirality upon binding to the chloride
anion, was also carried out (entry 6). Sc was then obtained in
excellent yield but with a very poor enantioselectivity (41:59 er),
suggesting that the central chirality of the bis-diamine unit is not
sufficient for an efficient asymmetric induction. Subsequently, 1a
was further employed as the most efficient catalyst.

Despite the exceptional enantioselectivities obtained by the
experimentally simplified initial setup at —78 °C followed by a
gradual increase of the temperature, reactions under constant
temperatures and controlled gradients were then studied in order
gain a better understanding of the reaction requirements. When
the reaction was carried out at —78 °C for 15 h, comparable
enantioselectivity (95:5 er) and a lower yield (51%) were
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obtained (entry 7). As expected, higher reaction temperatures led
to a notable drop in the er (entries 8,9). These results show the
crucial influence of the initial reaction temperature on the
transfer of chirality from the catalyst to the product.

It was next found that the reaction depended strongly on the
nature of the nucleophile and acylating agent employed (entries
10—14). Regarding the nucleophiles 4, a clear trend was
observed: the bulkier the silyl ketene acetal (tBu > iPr > Me)
was, the higher was the enantioselectivity. Thus, the tBu-
substituted reagent afforded the best enantioselectivity (98:2 er)
in a moderate yield (58%), while the iPr derivative provided both
a high enantioselectivity (96:4 er) and a good yield (76%).
Alternately, only chloroformates showed reactivity and selectiv-
ity. In particular, TrocCl led to the higher enantioselectivity,
while the other tested acylating agents induced poor chiral
inductions."®

Finally, the catalytic loading could also be reduced to 5 and 2.5
mol% without detriment on the enantioselectivity, but the
conversion decreased gradually (entries 15,16). As a compro-
mise, a catalytic loading of S mol% was chosen for the further
substrate scope studies (Table 2). Under the optimized
conditions, various commercially available quinolines with
different substitution patterns were explored. Though the
reaction with the tert-butyl ketene acetal provided generally the

Table 2. Scope of the Reaction®”*

o]
i) C|3C/\o)k0| (1 equiv.) e o
XN MTBE, 0 °C, 30 min R _ (R)
R N OR?
= = " .
N ii) TetraTri 1a (5 mol%
. K oéj\o/\cu3
4 (2 equiv.), -78°C > r.t.
3 5
N OiPr N OtBu N OR?
Troc Troc Troc

R?= jPr: 5d, 86%, 92:8 e.r.
R2= tBu: 5e, 54%, 98:2 e.r.

5a, 95%, 95:5 e.r. 5b, 56%, 98:2 e.r.

5b, 71%, 98:2 e.r.Y

l}l OiPr r}l QiPr I?l OiPr
Troc Troc Me Troc

5f, 80%, 97:3 e.r.

Br
l}l QiPr I}l QiPr r?l OiPr

Troc
5i, 54%, 94:6 e.r.

I}l OiPr

Troc
51, 62%, 95:5 e.r.

59, 96%, 72:28 e.r. 5h, no reaction

Troc
5k, 73%, 95:5 e.r.

Troc
5j, 62%, 95:5 e.r.

Cl
N OiPr r?l OiPr

I
Troc

5m, 69%, 89:11 e.r.

i 0
OOt GO LI
l}l QiPr T}l OiPr r}l OiPr

Troc
5p, 74%, 80:20 e.r.

Troc
5n,71%, 946 e.r.

Troc
5q, 88%, 90:10 e.r.

Troc
50, 88%, 95:5 e.r.

“Conditions: (i) 3 (1.0 equiv) and TrocCl (1.0 equiv) in MTBE at 0
°C, 30 min; then —78 °C; (ii) catalyst 1a (S mol%) and 4 (2 equiv)
were added, and the temperature was slowly allowed to reach rt (20—
24 h). PIsolated yields. “Values for er were determined by chiral
HPLC. 95 mmol scale reaction (2.5 mol% of 1a, 4 days).

14001

products S in higher er (Sb, 5¢), to attain as well high conversions
the study was completed with the iPr derivative as nucleophile.
Initial studies with methylquinolines already showed that
substitutions at nearly all positions at the quinoline core were
well tolerated, and Sd—f were obtained with high er (up to 98:2
er). However, substitution at the C3 position led to a significant
decrease on the er (Sg, 72:28 er), and the presence of a
substituent at the C8 position (3h) inhibited completely the
reaction. These results could be explained in terms of steric
hindrance. Thus, a substituent in the C8 position will prevent the
bulky Troc group to rotate out from the active site, impeding the
attack of the nucleophile. On the other hand, substituents
attached to the C3 position might also hamper the approach of
the nucleophile to the C2 position, causing a deficient
differentiation of both faces of the quinoline derivative.
Furthermore, both the electron-poor and the electron-rich
substituted quinolines provided the dearomatized products Si—q
in similar good yields and excellent enantioselectivities (typically
95:5 er). Interestingly, 4-methoxyquinoline provided the 2-
substituted chiral 4-quinolone Sp in a moderate 80:20 er.

The absolute configuration of the major enantiomer of 5b
(98:2 er) was determined as the (R) by comparison between the
measured and DFT-simulated CD spectra and by derivatization
of 5a (93:7 er) to the NH-free f-amino methyl ester'® (see SI).
Assuming the same behavior of the catalytic system, the
configuration of the other hydroquinoline products 5 was also
assigned as (R) by analogy.

To get a better understanding on the activity and behavior of
the TetraTri catalysts, a "H NMR titration of (R,R)-1a with the
preformed quinolinium chloride 6 as the active ionic substrate
was carried out. As it can be seen in Scheme 1, the proton signals
of the C—H bonds of the triazoles are clearly shifted downfield
after the addition of at least 1 equiv of the preformed ionic
substrate 6. For example, addition of 10 equiv of 6 translated to
the same chemical shift of ~1.5 ppm for the H atoms of the both
BisTri subunits (blue and red). There are also slight changes in
the chemical shifts of other aromatic H atoms.® All this suggests

Scheme 1. '"H NMR Titration of 1a with Quinolinium Salt 6

X R
TetraTri I
N
(RR)-1a N
cl froc

1.0 equiv. X equiv.

(R,R)-1a - CI™-Anion Complex
X=

10.0 equiv.
5.0 equiv.
. ° 3.0 equiv.
. I . 2.0 equiv.
1.0 equiv.

| ’ ' 0.5 equiv.

0.0 equiv.

94 93 92 91 90 89 88 87 86 85 84 83 62
H (ppm)

81 80 79 728 77
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a cooperative H-bond to the chloride anion, which is
accommodated inside the helical cavity of the catalyst.

Circular dichroism (CD) titration of the catalyst (RR)-1a
(0.133 mM solution in THF) with Bu,NCIl was next carried out.
The characteristic chirality of the helical backbone allows
observing conformational changes in helically folding flexible
oligomers by CD spectroscopy. Binding of a guest, in our case a
chloride anion, might provoke the formation of an excess of one
of the helical forms. This type of conformational change will be
then associated with an induced CD effect. The titration curve
displayed in Figure 3 shows the envisioned reinforcement or

TetraTri
0.1 equiv.
0.2 equiv.
0.3 equiv
M\ 0.5 equiv.
404 R 0.8 equiv.

W 1.0 equiv.
2.0 equiv.
3.0 equiv
5.0 equiv.
8.0 equiv.
10.0 equiv.|

60 -{

Ac/Mem’

40|

-60

T T T T T |
220 240 260 280 300 320 340
»/nm

Figure 3. CD tritation of TetraTri 1a with Bu,NCl in THF.

amplification of the helical structure of the catalyst in solution by
binding to a chloride anion. Thus, addition of CI7, translated into
a notable increase of the characteristic absorption bands at 250
and 265—280 nm in the positive and negative regions of the UV
spectrum, respectively.

In conclusion, novel helical chiral oligotriazoles have been
developed as anion-binding catalysts for the asymmetric
dearomatization of quinolines. These catalysts transfer the
chirality effectively to the dearomatized products via formation
of a close chiral anion-pair complex with a preformed N-
acylquinolinium ionic substrate. Cooperative binding of the
catalyst’s triazole and aromatic C—H bonds in its cavity to the
chloride anion, and the reinforced catalyst helical structure upon
this coordination, were confirmed by 'H NMR and CD titration
experiments, respectively. The unique features of the presented
triazole organocatalysts might also unveil further interesting
applications in asymmetric anion-binding catalysis.
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