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Bronsted Acid Catalyzed Addition of Enamides to ortho-Quinone
Methide Imines—An Efficient and Highly Enantioselective Synthesis

of Chiral Tetrahydroacridines

Martin Kretzschmar, Tomds Hodik, and Christoph Schneider*

Abstract: The direct and highly enantioselective synthesis of
tetrahydroacridines was achieved through the phosphoric acid
catalyzed addition of enamides to in situ generated ortho-
quinone methide imines and subsequent elimination. This
novel one-step process constitutes a very efficient, elegant, and
selective synthetic approach to valuable N-heterocycles with
a 1,4-dihydroquinoline motif. By subsequent highly diastereo-
selective hydrogenation and N-deprotection the reaction prod-
ucts were easily converted into free hexahydroacridines with
a total of three new stereogenic centers.

An essential goal of modern synthetic organic chemistry is
the efficient and selective synthesis of complex, enantiomer-
ically pure compounds that exhibit significant biological
activity. In this respect catalytic, enantioselective processes
that ideally form several bonds in a single step are distin-
guished through high levels of efficiency and are becoming
increasingly important.!!]

Due to their high biological activity 1,4-dihydroquinolines
are priviliged structural motifs in the field of medicine and
biology, exhibiting anticancerogenic, HIV integrase inhibit-
ing, and antimicrobial properties amongst others.”! Hydro-
acridines also play an important role in treatment of
Alzheimer’s disease and have already been approved as
reversible inhibitors of acetylcholinesterase.”! Despite this
huge potential only a few direct syntheses of this class of
substances are currently known, and even these have a limited
substrate scope.! A direct and broadly applicable synthetic
approach towards this important structural motif without
these limitations would be very desirable.

We herein report a conceptually novel, one-step synthetic
strategy comprising a highly enantioselective, phosphoric acid
catalyzed formal cycloaddition of enamides with in situ
generated ortho-quinone methide imines as the key step
(Scheme 1). Additionally, the tetrahydrobenzo[c]acridines
thus formed can be hydrogenated with full control of
diastereoselectivity to provide saturated hexahydroacridines
with two new stereogenic centers. The hexahydroacridines
structural motif, which closely resembles the tetrahydroqui-
nolines, is also well known for its versatile biological
activities.”)
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Scheme 1. Concept behind this N-heterocycle synthesis.

Ortho-quinone methide imines are transient synthetic
intermediates which readily react with electron-rich 2mx
components in hetero-Diels—Alder reactions and with nucle-
ophiles in conjugate 1,4-additions, both with reconstitution of
the aromatic m-system.!’ They can be generated by various
methods ranging from thermolysis and photolysis to acid- or
base-mediated eliminations.” However, currently only very
few catalytic, asymmetric examples exist that fully exploit the
synthetic potential of ortho-quinone methide imines.® Tunge
and Wang developed a palladium-catalyzed, formal [4+42]-
cycloaddition of alkylidene malononitriles leading to tetrahy-
droquinolines.®™ Scheidt et al. revealed that azolium enolates
generated by N-heterocyclic carbene (NHC) catalysis react
with ortho-quinone methide imines in a highly enantioselec-
tive fashion to form dihydroquinolones.®™ A Brgnsted acid
catalyzed transfer hydrogenation of 1,2-dihydroquinolines
with Hantzsch esters was described by Li et al.[*

Wel”! and other groups'” recently reported phosphoric
acid catalyzed, highly enantioselective, conjugate additions of
different m-nucleophiles to the related ortho-quinone
methides which were obtained in situ from the corresponding
benzhydryl alcohols by dehydration. Pursuing this strategy we
were able to gain access to a broad range of benzoannulated
oxygen heterocycles with a high level of enantiocontrol.
Independently, Rueping and co-workers successfully trans-
ferred this concept to ortho-quinone methide imines in
conjugate addition reactions of alcohols and indoles
recently.'!]

On the basis of our previous work we envisioned the
synthesis of tetrahydroacridines starting from N-protected
amino benzhydryl alcohols and enamides."? The benzhydryl
alcohols were to be transformed in situ to hydrogen-bonded
ortho-quinone methide imines by a chiral phosphoric acid,™!
which in a bifunctional catalysis mode would also form
a hydrogen bond to the enamide (Scheme 1). In an ensuing
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formal cycloaddition two new o-bonds would eventually form
and upon elimination of acetamide a tetrahydrobenzo-
[c]acridine would emerge as the product of the reaction.
First experiments were carried out using the N-allyl-
protected ortho-aminobenzhydryl alcohol 1a, tetralone-based
enamide 2a, and 10 mol % of chiral BINOL-based phospho-
ric acid 4a in chloroform at room temperature for 3 days
giving rise to tetrahydrobenzo[c]acridine 3a with 72 % yield
and 96:4 e.r. (Table 1, entry 1). While handling the products in

Table 1: Optimization of the phosphoric acid catalyzed addition of
enamide Za to in situ generated ortho-quinone methide imines.”!

(51

4 (10 mol%)

: AcHN
' solvent, 4A MS

1

Ar
OO 4a: Ar = MesCq
0. .0 4b: Ar = mesityl
_PZ 4c: Ar = 9-anthracenyl
4d: Ar = SiPhg

4e: Ar = 2,4,6-iPryCgH,

.lOOH
Ar

Entry Solvent R’ (product) Cat. Yield[96]") e.r
1 CHCl, allyl (3a) 4a 72 96:4
2 CHCl, PMP (3b) 4a 61 85:15
3 CHCl, benzyl (3¢) 4a 73 96:4
4 CHCl,4 PMB (3d) 4a 75 97:3
5 CHCl, PMB (3d) 4b 65 96:4
6 CH,Cl,  PMB (3d) 4b 74 955
7 toluene  PMB (3d) 4b 50 93:7
8 CHCN  PMB (3d) 4b 34 73:27
9 CHCl, PMB (3d) 4c 45 89:11
10 CHCl,4 PMB (3d) 4d 51 65:35
1 CHCl, PMB (3d) 4e 68 89:11
12 CHCl, PMB (3d) 4a 791 97:3

[a] Reaction conditions: 0.10 mmol (1.0 equiv) ortho-aminobenzhydryl
alcohol 1, 0.12 mmol (1.2 equiv) enamide 2a, catalyst 4 (10 mol %), 4 A
molecular sieves (powdered, 25 mg), solvent (1 mL), RT, 3 d. [b] Yield of
isolated product after purification by flash column chromatography

[c] Enantiomeric ratio determined by HPLC on a chiral stationary phase
(see the Supporting Information). [d] Reaction time 4 d.

the presence of light and oxygen we noticed a rapid aroma-
tization to acridine 8. Therefore all further work was done
under the utmost exclusion of light to prevent this undesired
side reaction. Reaction of the N-unsubstituted starting
material (R'=H) did not yield the desired unsubstituted
product but instead acridine 8 was obtained again directly. In
screening various N-substituents we found that electron-rich,
aliphatic N-groups gave the best results with regard to yield
and selectivity. Based on these results and for the ease of later
deprotection we decided to use the N-p-methyoxybenzyl-
(PMB)-protected substrate 1d for further studies (entries 1-
4). A short solvent screen revealed that chloroform was
superior to other solvents (entries 5-8). Among the BINOL-
based phosphoric acids 4a—e that we tested for this reaction,
phosphoric acid 4a carrying 3,3’-pentamethylphenyl groups
proved to be optimal (entries 9-12). Furthermore, a prolon-
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gation of reaction time also led to an increase of yield
(entry 12). The absolute configuration of the products was
unambiguously determined by X-ray crystallography of

[14]

tetrahydrobenzo|[c]acridine 3d (Figure 1).

Figure 1. Crystal structure of tetrahydrobenzo[c]acridine 3d. Thermal
ellipsoids at the 50% probability level.".

With optimized reaction conditions for this process
established, its substrate scope was subsequently studied
first by reacting various substituted ortho-aminobenzhydryl
alcohols 5 with enamide 2a (Scheme 2). Quite a number of
different aryl groups were tolerated in the 7-position of the
acridine backbone yielding the desired products with con-
stantly excellent selectivities of up to 99:1 e.r. and moderate
to very good yields. Acridines 6 a—f containing electronically
neutral or electron-rich 7-aryl groups were obtained in
typically fast reactions with very good yields and mostly
outstanding enantioselectivities. In this category of substrates
only the introduction of a substitution in ortho-position
caused a slight drop in selectivity to 90:10 e.r. (see 6¢). para-
Halogen-substituted products 6gh were also obtained in
good yields and with excellent selectivities but required
longer reaction times, supposedly due to the negative
inductive effect. Products 6i-k with electron-poor 7-aryl
substitutents were again obtained with excellent selectivity
but only with moderate yields and also required an increase of
the reaction temperature to 40 °C. These observed substituent
effects suggest that the formation of the ortho-quinone
methide imine, which is readily stabilized by electron-rich
substituents, was the rate-determining step of the entire
reaction cascade. Alkenyl- and alkyl-substituted products
61 and 6m were obtained with good enantioselectivities of up
to 91:9 e.r as well. Probably due to the diminished stability of
the in situ formed ortho-quinone methide imine product 6m
was isolated in only moderate yield. Structural variations in
the acridine backbone were also investigated by employing
the corresponding ortho-aminobenzhydryl alcohols 5. Thus,
alkyl, alkoxy, and halogen substituents were easily introduced
in positions 9 and 10 of the acridine and the products 6n-
s were obtained with good yields and with up to 99:1 e.r.

In order to further expand the diversity of available
scaffolds, additional enamides 2b—f were studied under the
established reaction conditions (Scheme 3). Alkoxy and
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Scheme 2. Substrate scope of the phosphoric acid catalyzed synthesis
of 5,6,7,12-tetrahydrobenzol[c]acridines 6. Reaction conditions:

0.10 mmol (1.0 equiv) PMB-protected ortho-aminobenzhydryl alcohol
5, 0.12 mmol (1.2 equiv) enamide 2a, catalyst 4a (10 mol%), 4 A
molecular sieves (powdered, 25 mg), solvent (1 mL), RT, 4 d. [a] Reac-
tion time 24 h. [b] Reaction time 6 d. [c] Temperature: 0°C. [d] Temper-
ature: 40°C. [e] Very high sensitivity towards light.

bromo substituents on the aromatic ring of the tetralone
backbone were tolerated very well and the products 7a-d
were obtained in good yields and with excellent enantiose-
lectivity throughout."! A ring expansion as in enamide 2 f
(n=2) was possible without any difficulty and gave product
7e in almost quantitative yield and with 99:1 e.r. after a short
reaction time. Finally, reactions of enamides 2¢, 2e, and 2f
with ortho-aminobenzhydryl alcohols 5¢g, 5o, and 5p yielded
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Scheme 3. Expansion of the substrate scope towards more highly
substituted enamides 2. Reaction conditions: 0.10 mmol (1.0 equiv)
PMB-protected ortho-aminobenzhydryl alcohol 5, 0.12 mmol

(1.2 equiv) enamide 2, catalyst 4a (10 mol %), 4 A molecular sieves
(powdered, 25 mg), solvent (1 mL), RT, 4 d. [a] Reaction time 24 h.
[b] Reaction time 6 d. [c] Temperature: 0°C. [d] Very high sensitivity
towards light.

highly substituted 1,4-dihydroquinoline systems 7 f-h, respec-
tively, with good yields and > 97:3 e.r. respectively. In control
experiments with N-alkyl-N-acetyl enamides, which do not
carry a free NH proton, no product formed, underlining the
importance of an additional hydrogen-bond activation of the
nucleophile in this reaction.

To demonstrate the applicability of our process a large-
scale synthesis of tetrahydrobenzo|[c]acridine 3d was con-
ducted (Scheme 4). In doing so we were able to further lower
the catalyst loading to only 5 mol % while retaining a good
yield of 72% and an excellent selectivity of 97:3 e.r. The
product 3d, which we obtained in an amount of 0.93 g, could
be optically further enantiomerically enriched to 99:1 e.r. by
one recrystallization.

Mechanistically, the title reaction may occur either as
a concerted [442]-cycloaddition or as a stepwise process
initiated by a conjugate addition followed directly by
cyclization to the aminal."”! We currently assume that both
the ortho-quinone methide imine and the enamide are bound
through hydrogen bonds to the chiral phosphoric acid in the
transition state of this reaction (Figure 2). In our proposed
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Scheme 4. Synthesis of tetrahydrobenzo[c]acridine 3d on a gram scale.

Figure 2. Proposed transition state of the reaction.

transition-state assembly the bottom face of the ortho-
quinone methide imine is effectively blocked by the aryl
group Ar? of the catalyst which is closer to the reaction center
thereby directing the enamide to attack from the top face.
This arrangement would also explain the observed decrease in
selectivity for substrates with ortho-substituted B-aryl groups.

To further functionalize the reaction products we first
intended to cleave the PMB protecting group which can be
achieved either hydrogenolytically or oxidatively. Treatment
with ceric ammonium nitrate, however, led to almost quanti-
tative formation of acridine 8, formation of which was
previously observed under the influence of light. Therefore,
we chose to use a hydrogenolytic approach for deprotection.
Initially, using 10 mol % of palladium on activated charcoal
and a hydrogen pressure of 90 bar, we were able to selectively
hydrogenate the enamine double bond and obtain the PMB-
protected hexahydrobenzo|[c]acridine 9 with good yield and
complete diastereoselectivity (Scheme 5). The relative con-
figuration of 9 was determined through NOESY NMR
measurements (see the Supporting Information) and is
consistent with the observation that the bottom face of 3d is
much more easily accessible (see the X-ray crystal structure in
Figure 1).

Subsequently, by combining palladium on activated
charcoal and the Pearlman catalyst, and adding acetic acid
in methanol™ we obtained the free hexahydrobenzo-
[c]acridine 10 with good yield and selectivity. This sequence
of enamine hydrogenation and PMB cleavage was also easily
achieved in one step by simultaneously using palladium and
Pd(OH), on activated charcoal in acetic acid/methanol. Thus,
we were able to obtain the free hexahydrobenzo[c]acridine 10
directly from 3d in 85% yield and as a single diastereomer
with 96:4 e.r.

In conclusion, we have developed a broadly applicable
phosphoric acid catalyzed, enantioselective addition of

Angew. Chem. Int. Ed. 2016, 55, 9788 -9792

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

. Pd/C (10 mol %), Pd(OH),/C (10 mol %), AcOH, 90 bar H, MeOH/CH,Cl, RT, 3d T

85%
96:4 er.
dr>201

Scheme 5. Further functionalization of tetrahydrobenzo[cjacridine 3d.

enamides to in situ generated ortho-quinone methide imines
which delivers highly valuable tetrahydroacridines in typically
very good yields and with excellent enantioselectivities. The
applicability of our process was demonstrated by a large-scale
experiment. Furthermore, the products were subsequently
converted into saturated hexahydroacridines with two new
stereogenic centers and very high diastereoselectivity. The
extension of this method to other nucleophiles as well as
further functionalizations of the reaction products are sub-
jects of our current investigations.
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