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Abstract: In this paper, the application of organocatalysis in the
synthesis of 2,3-dihydro-1H-pyrrolizines is demonstrated. aq,B-
Unsaturated aldehydes and pyrrole-based hydrazone readily
participated in the formal (3+2)-cycloaddition that was realized
according to aminocatalytic iminium ion activation. Products were
obtained in high chemical yields, with excellent stereocontrol and
selected additional transformations were also presented. The
developed method was utilized in the first organocatalytic synthesis
of ketorolac, a non-steroidal anti-inflammatory drug.

Introduction

Contemporary asymmetric synthesis has become one of the
most exploited branches of organic synthesis.*4 Within this field,
organocatalysis? has evolved into an important method being
complementary to chiral metal complexes®! and biocatalysis.™ It
provides access to numerous chiral building blocks using
optically pure organic compounds as catalysts. Aminocatalysis
employs secondary or primary amines for the stereoselective
functionalization of carbonyl compounds with the enamine and
iminium-ion activations being the most fundamental modus
operandi (Figure 1, top).®! These methodologies already proved
their usefulness in the synthesis of natural products and
pharmaceuticals e.g. oseltamivir, telcagepant, paroxetine,
tolterodine or cispentacin (Figure 1, bottom) with aminocatalytic
step being responsible for the stereoselectivity of a given
approach.!

Ketorolac is a non-steroidal anti-inflammatory drug, which is sold
under the brand name Toradol. In 2018 it was the 194" most
commonly prescribed pharmaceutical in the United States.ll.
Although ketorolac is marketed as a racemic mixture, the (S)-
enantiomer is much time more potent than its (R)-enantiomer,
therefore the enantioselective synthesis of this molecule is of
importance.®!
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Figure 1. Asymmetric organocatalysis — fundamental activation strategies and
their applications in the synthesis of bioactive products.

Although there are numerous methods of the synthesis of
racemic ketorolac relying mainly on the cyclization reactions, ]
the protocols for its preparation in enantiomerically enriched
form are limited and involve: 1) separation of enantiomers by the
derivatization combined with chromatography methods;Pd 2)
enzymatic kinetic resolution of racemate;°¢1 3) utilization of the
chiral auxiliary approach;®9" and 4) enantioselective cyclization
catalyzed by chiral gold complex®! (Scheme 1).
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Scheme 1. Stereoselective syntheses of ketorolac.

Umpolung can be defined as the reversal of the reactivity of a
given functional group by appropriate chemical modification of
its structure. The development of such strategic methodologies
receives considerable interest from the community as it
constitutes a unique tools for the identification of non-classical
synthetic pathways. Most explored approaches allowing for the
umpolung of the carbonyl moiety include NHC catalysis*® and
hydrazone umpolung (Scheme 2, top).’Y In the latter, the
appropriate carbonyl compound is reacted with hydrazine
derivative providing hydrazone which possesses reversed
reactivity, changing the character of the carbonyl group to
nucleophilic. Recently, we have demonstrated that hydrazones
derived from heteroaromatic aldehydes readily participate in the
asymmetric  Friedel-Crafts reaction with a,B-unsaturated
aldehydes performed under iminium ion activation (Scheme 2,
middle). Notably, in this transformation the hydrazone umpolung
effect was efficiently transmitted over the heteroaromatic system
providing a unique opportunity for the functionalization of
heteroaromatic frameworks. 11

Given the importance of heteroaromatic compounds in the
contemporary organic and medicinal chemistry, studies on the
application of vinylogous hydrazone umpolung activation for the
synthesis of 2,3-dihydro-1H-pyrrolizine core were undertaken.
Notably, such structural motif is present in various biologically
active molecules such as ketorolac,i*? dehydroretronecine,?!
or licofelone.l*?9 |t was anticipated that hydrazone 1 derived from
1H-pyrrole-2-carbaldehyde should act as 1,2-dinucleophilic
component capable of participating in annulative processes with
appropriately activated 1,3-dielectrophilic reagents, thus
providing access 2,3-dihydro-1H-pyrrolizine via  (3+2)-
cycloaddition. a,B-Unsaturated aldehydes 2 were selected as
reaction partners as their iminium-ion activation constitutes a
reliable method in asymmetric catalysis. Furthermore, functional
groups introduced following such a strategy possess strong
synthetic potential as confirmed in the first organocatalytic
synthesis of ketorolac.
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Scheme 2. Application of vinylogous hydrazones in the synthesis of 2,3-
dihydro-1H-pyrrolizines.

Herein we present our studies on highly stereoselective
aminocatalytic cascade reaction between aq,B-unsaturated
aldehydes 2 and hydrazone 1 derived from 1H-pyrrole-2-
carbaldehyde leading to 2,3-dihydro-1H-pyrrolizine derivatives 6
with excellent results (Scheme 2, bottom). Moreover, in the
manuscript the application of the elaborated methodology in the
enantioselective synthesis of ketorolac has been developed,
thus establishing the first organocatalytic approach for the
synthesis of this biologically active molecule.

Results and Discussion

Optimization studies were performed using (E)-2-((2,2-
dimethylhydrazono)methyl)-1H-pyrrole 1 and trans-
cinnamaldehyde 2a. Initial experiments were carried out in
dichloromethane, in the presence of Jergensen’s catalyst 3a and
trifluoroacetic acid as co-catalyst at -20 °C. To our delight, the
devised cycloaddition proceeded smoothly providing product 5a
as a diastereomeric mixture. In order to determine the
enantioselectivity of the process the obtained hemiaminal 5a
was directly reduced to 6a via one-pot procedure using
triethylsilane and boron trifluoride diethyl etherate. Amine 6a
was isolated in good yield, however, the stereoselectivity was
unsatisfactory (Table 1, entry 1). Nonetheless, further catalyst
screening indicated catalyst 3a as the most optimal in terms of
enantioselectivity of the reaction (Table 1, compare entries 1-5).



Subsequently, various solvents were tested (Table 1, entries 1,
6-9) revealing toluene as the most suited medium for this
transformation (Table 1, entry 9). The influence of acid additive
was also investigated (Table 1, entry 9-12). Among examined
acids, monochloroacetic acid (MCA) turned out to be the most
beneficial (Table 1, entry 12). Subsequently, the influence of
catalyst loading (Table 1, entry 13) and concentration (Table 1,
entry 14-15) on the cascade were tested, but no improvement
was observed. Finally, it was found that lowering the
temperature to -40 °C had crucial impact on the stereochemical
outcome of the reaction (Table 1, entry 16) providing product 6a
with high enantioselectivity and satisfactory yield, thus
establishing final reaction conditions.

Table 1. Asymmetric synthesis of 2,3-dihydro-1H-pyrrolizine 6a — optimization

studies.®
QV/N\,\{/ Catalyst 3
N atalys Et;SiH
1+ —>(20 " fen /N\ aa E@O, Ph /N\ /N\N\/
PN (fg ?\':‘ri)‘ll"z) OH oigilzn,
2a solvent 5a 0.5h 6a
temperature
O\TL O\Fﬁ N/ :E’N/
3a 3b 3¢ 3d - TFA

Ar = 3,5-(CF3),CqHs

Cat. Solvent additve  Conversion® Yield® erld
1 3a CHzCl2 TFA 81 % (20 h) 69% 84:16
2 3b CHzCl2 TFA 85% (72 h) 72% 67:34
3 3c CHzCl2 TFA >95 % (20 h) 60% 76:24
4 3d CHzCl2 TFA >95 % (20 h) 47% 59:41
5 3d CH:Cl, - 82 % (48 h) 64% 58:42
6 3a Et.O TFA >95 % (72 h) 48% 81:19
7 3a CICH2CH2CI  TFA 95 % (72 h) 80% 87:13
8 3a CDCl3 TFA >95 % (72 h) 86% 88:12
9 3a Toluene TFA >95 % (20 h) 62% 91:9
10 3a Toluene TFMSA  >95 % (20 h) 81% 90:10
11 3a Toluene AcOH >95 % (20 h) 68% 92:8
12 3a Toluene MCA >95 % (20 h) 61% 93:7
130 3a Toluene MCA 90 % (20 h) 86% 91:9
141 3a Toluene MCA >95 % (20 h) 67% 89:11
150 3a Toluene MCA >95 % (20 h) 88% 92:8
16 3a Toluene MCA >95 % (20 h) 87% 97:3

[a] Reactions performed on a 0.05 mmol scale using 1 (1.2 equiv) and 2a (1.0
equiv.) in 0.2 mL of the solvent for 20 h at -20 °C (for full screening account,
see Supporting Information). [b] Conversion as determined by *H NMR of a
crude reaction mixture. Time necessary to obtain the indicated conversion is
given in parentheses. [c] Isolated yield of 6a after the column chromatography
is given. [d] Determined by a chiral stationary phase UPC?. [e] Reaction
performed using 10 mol% of catalyst 3a. [f] Reaction performed in 0.4 mL of

the solvent. [g] Reaction performed in 0.1 mL of the solvent. [h] Reaction
performed at -40 °C.

With the optimal reaction conditions established (Table 1, entry
16), the substrate scope of the reaction was explored with
various a,B-unsaturated aldehydes 2 (Table 2). Initially, enals 2
bearing substituent at different positions of the phenyl ring and
of different electronic properties were investigated (Table 2,
entries 2-5). To our delight, all reactions proceeded smoothly
affording target products 6 with high enantioselectivities. When
para- and ortho-methoxycinnamaldehyde 2b and 2d were
applied, a slightly lower enantioselectivities were observed
(Table 2, entries 2,4), but the yield remained excellent. On the
other hand, the use of meta-methoxycinnamaldehyde 2c
resulted in a significant decrease of the yield, while maintaining
its high enantiomeric excess (Table 2, entry 3). To our delight,
enal 2e bearing the nitro group on the aromatic ring and 2-furyl-
substituted a,B-unsaturated aldehyde 2f worked well under the
optimal reaction conditions providing products 6e and 6f with
high enantioselection, however, in the case of heteroaromatic
aldehyde 2f lower yield was observed (Table 2, entries 5-6).
Furthermore, the possibility to introduce aliphatic substituents in
the B-position of aldehydes 2 was investigated. Structurally
diversified aldehydes 2g-I were utilized in the cascade providing
expected products 6g-i in high yields and enantioselectivities
(Table 2, entries 7-9). It is worth to note that enals 2j and 2k
bearing functional groups in their side chain turned out to be
excellent reactants and the desired products 6j-k were obtained
efficiently and in a highly stereoselective manner (Table 2,
entries 10-11).

Table 2. Asymmetric synthesis of 2,3-dihydro-1H-pyrrolizines - a,B-

unsaturated aldehydes 2 scope.@

1)

Ar
N Ar
H oTms
3a (20 %mol)
CICH,CO,H (40 %mol)
\ toluene (0.25M)

1 -40 °C, 24h I\ Ny
* — - . R N7
RN 22323.?20
2 CH,Cl, 0°Ctort, 0.5h 6
Entry R Yield [%] erl
1 Ph 87 97:3
2 4-MeOCgH4 78 92:8
3 3-MeOCsHa 35 98:2
4 2-MeOCeHa4 91 94:6
5 4-NO2CeH4 63 98:2
6 2-Furyl 37 98:2
7 Me 59 97:3
8 nPr 89 99:1
9 Z-3-Hexenyl 72 97:3
10 BnOCH:2 72 >99
11 BzOCH: 68 99:1




[a] Reactions performed on a 0.1 mmol scale using 1 (1.2 equiv.) and 2 (1.0
equiv.) in 0.4 mL of the solvent for 24 h. [b] Determined by a chiral stationary
phase UPC?2,

In the course of further studies, the possibility to transform 6k
into the corresponding nitrile 7 was demonstrated (Scheme 3).
Therefore, 6k was subjected to the reaction with magnesium
bis(monoperoxyphthalate) hexahydrate. The reaction was
carried out in methanol at 0 °C for 4 hours affording the
corresponding nitrile 7 in 77% yield with fully maintained
enantiomeric composition.

J\ /N\N/ MMPP- 6H,0 A\
BzO N \ "weon ~ Bz N7 TCN
0°C, 4h
6k 7
77% yield
99:1 er

Scheme 3. Unmasking of the hydrazone moiety in 6k.

The absolute configuration of product 6b was assigned by a
single crystal X-ray analysis (for details, see ESI).!¥ The
stereochemistry of the remaining products 6a-k was assigned by
analogy. Notably, the observed stereochemical reaction
outcome is in accordance with well-established iminium ion
activation of a,B-unsaturated aldehydes employing diarylprolinol
silyl ethers as catalysts.'4

With the method for the enantioselective construction of 2,3-
dihydro-1H-pyrrolizine skeleton, its application for the synthesis
of enantiomerically pure ketorolac was developed (Scheme 4). A
one-pot reaction sequence involving aminocatalytic asymmetric
(3+2)-cycloaddition ~ between  hydrazone 1 and 4-
benzoyloxycrotonaldehyde 2k followed by the reduction of the
initially formed hemiaminal provided 6k with excellent
enantioselectivity. It's worth to note that this step was readily
scalable and realized in 2 mmol scale (for details, see SlI).
Furthermore, the catalyst loading was reduced to 2 mol%
increasing the practicality of the approach. With the key
enantioselective step accomplished, the unmasking of the
hydrazone moiety in the bicyclic derivative 6k was performed
using concentrated hydrochloric acid and 38% solution of
formaldehyde in THF affording aldehyde 8 in 95% yield.
Subsequently, the incorporation of phenyl ring via Grignard
reaction with phenylmagnesium bromide was performed
providing 9 as a mixture of two diastereomers. The oxidation of
the secondary alcohol 9 to the ketone 10 was accomplished in
the next step by the treatment of 9 with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) in the presence of TEMPO.
The deprotection of hydroxyl group in ketone 10 conducted
under basic conditions and the oxidation of primary alcohol to
carboxylic acid carried out with (diacetoxyiodo)benzene in the
presence of TEMPO afforded enantiomerically pure ketorolac in
a good yield. . Importantly, according to our knowledge, the
developed protocol is the most enantioselective method
described so far in the literature and constitutes a metal-free
route to enantiomerically pure ketorolac consisting of 6 steps
and was realized in good 22% overall yield.
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Scheme 4. Asymmetric organocatalytic synthesis of ketorolac.

In conclusion, an organocatalytic method for the construction of
2,3-dihydro-1H-pyrrolizine scaffold is described. It utilizes
vinylogous reactivity of hydrazone derived from 1H-pyrrole-2-
carbaldehyde that participates in a (3+2)-cycloaddition with a,(3-
unsaturated aldehydes realized under aminocatalytic iminium
ion activation. Target 2,3-dihydro-1H-pyrrolizine were obtained
with excellent chemical and stereochemical efficiency. The
developed method was successfully employed in the first
organocatalytic synthesis of ketorolac, a potent non-steroidal
anti-inflammatory drug.
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Ketorolac 2,3-Dihydro-1H-pyrrolizine

scaffold

The manuscript describes the first organocatalytic synthesis of ketorolac, a potent non-steroidal anti-inflammatory drug. For this
purpose, the organocatalytic (3+2)-cycloaddition between hydrazone derived from 1H-pyrrole-2-carbaldehyde and a,B-unsaturated
aldehydes realized under aminocatalytic iminium ion activation was developed. It constitutes the key step of the method allowing for
the construction of 2,3-dihydro-1H-pyrrolizine scaffold.
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