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ABSTRACT

RVU\[H.LRz + TSO__H,BOC

R' = aryl, alkyl
R? = alkoxy

chiral thiourea

(20 mol %) 0 0
K;CO4 (1 equiv) J%L
= - AR R?
toluene, 0 °C NBoc
15 examples
up to 98% yield

up to 81/9 er

A high-yielding and enantioselective access to novel N-Boc terminal aziridines, bearing a quaternary stereogenic center, has been developed via
an aza-Michael initiated ring-closure (aza-MIRC) reaction of o-acyl acrylates with an N-tosyloxy tert-butyl carbamate catalyzed by a chiral amino
thiourea. The feasibility of the aziridine regioselective ring-opening to valuable o,a-disubstituted o-amino acid esters has been demonstrated.

The development of asymmetric methods for the syn-
thesis of differently substituted aziridines is an area of
intensive research in organic chemistry. These small het-
erocyclic compounds serve as valuable intermediates to
obtain a great number of derivatives by regio- and stereo-
selective ring-opening and ring-expansion reactions.’
Moreover, they are used as chiral ligands/catalysts in
asymmetric synthesis® and are present as a key motif in
several bioactive compounds and pharmaceuticals.> Con-
sequently, over recent decades, many efforts have focused
on the development of asymmetric methodologies* to
prevalently synthesize chiral nonracemic 2,3-disubstituted
aziridines. Despite recent developments, up to now only
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one general method has successfully addressed the
highly challenging task of accessing nonracemic terminal
aziridines bearing a quaternary stereogenic center.’ Speci-
fically, Cérdova and co-workers developed an organoca-
talytic asymmetric aziridination of a-alkyl-substituted
acryl aldehydes.® An aza-Michael approach has been
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exploited, taking advantage of the iminium/enamine
strategy,’ using O-protected diarylprolinols as catalysts
and acylated hydroxycarbamates as an ambiphilic nitro-
gen source (Figure 1).
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Figure 1. Organocatalytic activation strategies for the asym-
metric aza-MIRC reaction to terminal aziridines with a qua-
ternary stereogenic center.

The functionalized terminal aziridines were isolated in
moderate to satisfactory yield and up to 99:1 enantiomeric
ratio. The increasing demand for efficient methods to
produce this class of functionalized aziridines relies on
their great synthetic potential for further regioselective
ring-opening to a,a-disubstituted o-amino acid deriva-
tives.® Indeed, nonproteinogenic o a-disubstituted amino
acids are gaining a lot of importance in various areas such
as biochemical and drug discovery research, thanks to their
peculiar biological and chemical properties.

With the aim of enlarging access to terminal aziridines
functionalized at the quaternary stereogenic center and
given our interest in developing asymmetric organocata-
lytic Michael type reactions,” we envisioned a noncovalent
approach for the aza-MIRC reaction catalyzed by bifunc-
tional amino thioureas. This class of organocatalysts, as
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pioneered by the work of Takemoto,'® were suggested to
activate electron-poor alkenes, and nucleophiles by the
thiourea and the amine groups, respectively. Then, highly
organized transition states are formed leading to high
stereocontrol.'' According to the activation model pro-
posed in amino thioureas catalyzed asymmetric conjugate
additions of o.f-unsaturated imides,'* a-acyl acrylates
were supposed to be able to similarly establish multiple
hydrogen-bonding interactions with the thiourea group
and the nucleophile with the amine moiety of the catalyst.
Once formed, the H-bonded prochiral enolate could have
undergone preferential ring-closure to an enantiomerically
enriched aziridine. Herein, we report our preliminary find-
ings on the asymmetric aziridination of a-acyl acrylates
with an N-tosyloxy tert-butyl carbamate catalyzed by
the Takemoto thiourea in the presence of basic additives.
Novel terminal aziridines, bearing a quaternary stereocen-
ter, were isolated in high yield and good enantioselectivity.
We also showed that these compounds are useful inter-
mediates to access a,a-disubstituted o-amino acid esters
via regioselective ring-opening.

The aziridination process on model a-benzoyl ethyla-
crylate 1a with different N,O-protected hydroxylamines 2
was carried out screening a variety of bifunctional promo-
ters (Figure 2), used at stoichiometric loading, in toluene as
the solvent (Table 1).
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Figure 2. Organocatalysts screened in the aziridination.

Pleasingly, aziridine 3a was isolated in 90% and 92%
yield"® and moderate enantiomeric ratio when using com-
pound 2a and cinchona thioureas 4 and 5, respectively
(entries 1 and 2).

Remarkably, highly reactive and sensitive Michael
acceptor la did not undergo competitive formation of
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Table 1. Aziridination of Alkene 1a with 2 Promoted by
Bifunctional Organocatalysts®

o O o o

H )
talyst (1
Ph)H(U\OEt o rNoor? organocatalyst (1 equiv) Ph)J\gLQEt
toluene, rt NR

1a 2 3
R'=Boc, R2=Ts 2a
R'=Cbz, R2=Ts 2b
R' = Boc, R? = PO(Ph), 2¢
R'=Boc, R? = Ac 2d
R'=Ts, RZ=Ts 2e

entry organocatalyst 2  time (h) yieldb (%) er® (%)
1 4 2a 5 92 75.5/24.5
2 5 2a 2 90 —78/22
3 6a 2a 7 76 86/14
4 6b 2a 2 97 78/22
5 6¢c 2a 5 42 rac
67 7 2a 5 43 57/43
7 8 2a 2 50 68/32
8 9a 2a 21 71 —55/45
9 9b 2a 20 96 —55/45
10 quinine 2a 2 90 54.5/45.5
11 4 2b 3 72 72/28
12 5 2b 4 77 -72.5/27.5
13 6a 2b 6 59 86/14
14 6a 2¢ 1 40 —62/38
15 6a 2d 5 <10
16 6a 2e 20 61 68/32

“Reaction conditions: 1a (0.1 mmol), 2 (0.1 mmol), organocatalyst
(0.1 mmol) in 2 mL of toluene. ° Yield of isolated product. ¢ Determined
by chiral HPLC analysis. ¢ 5 mol % of catalyst 7 was used in the presence
of K,COj5 (0.1 mmol).

polymeration byproduct.'* A significant improvement of
the enantioselectivity up to 86/14 er was observed when
employing thiourea 6a (entry 3). Whereas thiourea 6b
proved to be more active, but less enantioselective, as a
catalyst (entry 4), thiourea 6c¢, bearing a primary amine
group, yielded a racemic product (entry 5). Squaramide 7
was checked under catalytic conditions, employing K,CO;
(1 equiv) as a scavenger for the p-toluensulfonic acid
formed as side product (entry 6). It proved to be moder-
ately active but considerably less efficient than catalyst 6a.
Thiourea 8 afforded compound 3a in moderate yield and er
value (entry 7). Bifunctional catalysts containing a single
H-bond donor moiety, such as sulfonamides 9a,b and
quinine, proved to be fairly good promoters in term of
activity but poorly effective in term of enantioselectivity
(entries 8—10). These findings appear to confirm the
hypothesis that multiple hydrogen-bonding interactions
are necessary to achieve satisfactory stereocontrol as pos-
tulated in Figure 1. The nature of the protecting group on
nitrogen and the leaving group in reagent 2 had a signifi-
cant impact on the outcome of the aziridination when
using the best promoters 4, 5, and 6a (entries 11—16).
N-Tosyloxy tert-butyl carbamate 2a was found to be the

(14) Acrylates of type 1 suffer easy polymerization on standing and
consequently need to be used freshly prepared.
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most effective reagent (entry 3).'> To develop a catalytic
process, a variety of basic additives were checked, employ-
ing 30 mol % of catalyst 6a in the aziridination of la
with 2a (Table 2). Different organic and inorganic bases
(entries 1—7) were screened, and the use of 1 equiv of
K,COj; enabled the isolation of product 3a in good yield
and er (entry 7).

Table 2. Optimization Study on the Aziridination of Alkene 1a
with 2a Catalyzed by Thiourea 6a“

o o 6a (30 mol %) 0 ©
/H\ additive (1 equiv) o )KgL OFt
Ph)HrU\OEt + Boc” “OTs olene 1t NBoo
1a 2a 3a

entry additive time (h) yield® (%) er’ (%)
1 EtsN 1 40 73/27
2 Proton Sponge 0.5 58 79/21
3 AcONa 2 69 89/11
4 PhCO,Na 1.5 48 89/11
5 Na,COs 3 68 82/18
6 NaHCO; 16 70 82.5/17.5
7 K,CO4 2 72 89/11
8? K,CO4 1.5 67 83/17
9° K5CO4 2.5 83 84/16
10/ K,CO; 2 69 77/23
11¢ K5CO4 2 39 79/21
12" KoCO4 24 91 83/17
13 K,CO5 35 95 89/11

“Reaction conditions: 1a (0.1 mmol), 2a (0.1 mmol), and 6a
(0.03 mmol) in 2 mL of toluene. ? Yield of isolated product. ¢ Determined
by chiral HPLC analysis. 9K,CO; (3 equiv). ¢ Diethyl ether as solvent.
TCHCI, as solvent. £ Chlorobenzene as solvent. 720 mol % of catalyst
used at —20 °C. ‘20 mol % of catalyst used at 0 °C.

An excess of K>,CO; (3 equiv) proved to be deleterious
(entry 8).'° A solvent screening confirmed toluene as the
optimum medium (entries 9—11). The reaction carried out
in toluene at —20 °C with 20 mol % of 6a furnished the
aziridine in high yield although without improvement of
the asymmetric induction (entry 12). However, an excellent
conversion to the product with 89/11 er value could be
achieved working at 0 °C with 20 mol % of catalyst loading
(entry 13).

With the optimized conditions in hand, the scope of the
aziridination was next investigated (Table 3). The nature of
the ester group in alkene 1 slightly influenced the stereo-
chemical outcome, with the corresponding aziridines being
obtained in good to high yield (entries 1—4). Different
electron-donating or withdrawing substituents on the phe-
nyl ring at para, meta, and ortho-positions or heteroaro-
matic groups were tolerated leading to the aziridine in
generally high yield and up to 91/9 er (entries 5—12). The
cyclohexenyl derivative 1o was regioselectively converted

(15) Reactions performed with phase-transfer catalysts proceeded
with low enantioselectivity (see the Supporting Information for details).

(16) A control experiment performed in absence of 6a and using 1
equiv of K,COj led to the formation of 3a in 30% yield after 2 h.
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Table 3. Asymmetric Aziridination of Alkenes 1 with 2a Cata-
lyzed by Thiourea 6a/K,CO3 System*

0 H 6a (20 mol %) (0]
R2 ‘R KoCOs5 (1 equiv) R2
R1)H( + Boc~ OTs —————> R NBoc
toluene, 0 °C
1 2a 3
1 2 time 3 yield er

ey R K (h) o oy

1 Ph CO,Et 3.5 3a 95 89/11

2 Ph CO:Me 6 3d 79 89/11

3 Ph CO»Bu 5 3e 83 88/12

4 Ph CO,Bn 4 3t 79 86/14

5 4-MeC¢H, CO,Et 8 3g 84 89/11

6 3-MeC¢H, CO,Et 18 3h 80 91/9

7 2-MeC¢Hy CO,Et 8 3i 91 75125

8 4-MeOC¢H,4 CO,Et 29 3j 93 90/10

9 4-CICsH4 CO,Et 20 3k 98 89/11

10 3-BrC¢H,4 CO,Et 16 31 87 85/15

11 2-naphthyl CO,Et 15 3m 93 87/13

12 2-turyl CO,Et 19 3n 86 87/13

£

13 O/ COEt 5y 3, 67 873

14 NHBn CO,Et 18 3p 86/14

15 Ph PO(OEt), 15 3q 72 75/25

“Reaction conditions: 1 (0.1 mmol), 2a (0.1 mmol), 6a (0.02 mmol),
K,CO; (0.1 mmol) in 2 mL of toluene. ?Yield of isolated product.
¢ Determined by chiral HPLC analysis.

into the product in good yield and 87/13 er (entry 13).
Alkenes bearing amido or phosphonate groups were also
suitable substrates for the aziridination reaction (entries 14
and 15).

The absolute configuration of N-Boc aziridines was
determined to be R by single-crystal X-ray analysis on
compound 3m."’

Finally, the synthetic potential of aziridines 3 as inter-
mediates to access o, o-disubstituted o-amino acid esters
was investigated (Figure 3). Enantiomerically enriched
3a was deprotected with tetrabutyl ammonium fluoride
(TBAF) to aziridine 10a in excellent yield. Ring-opening
of compound 10a with an ethereal solution of HCI led
regioselectively to the o-amino ester 11a in high yield.

o O o O

TBAF, THF
EtO Ph — . ko Ph
NBoc 60°C,2h NH
3a885/115er 9% 10a
THF, 0 °C, 2 h | HCI (Et,0)
95% (1 equiv)
0'0 0 0
(Cbz),0
Et0” X Ph——~ ~EtO” X Ph
/ NH, THF,0°C.2h  ;/° NHCbz
cl 38% cl
11a 12a 88.4/11.6 er

Figure 3. Synthesis of a,a-disubstituted-a-amino acid ester 11a
via deprotection/regioselective ring-opening.

No racemization was observed in deprotection/ring-
opening sequence as attested by chiral HPLC analysis on
the corresponding N-Cbz derivative 12a obtained after
treatment of compound 11a with dibenzyl dicarbonate
(Cbz,0).

It is important to note that the present methodology
enables access to either protected or unprotected terminal
aziridines bearing a quaternary stercocenter.

In conclusion, we have disclosed an effective amino
thiourea-mediated enantioselective organocatalytic ap-
proach to terminal aziridines containing a functionalized
quaternary stereocenter. These difficult to access targets
also underwent regioselective ring-opening to valuable a.,
a-disubstituted amino acid esters. Further studies to
broaden the substrate scope of the aziridination and the
synthetic elaboration of aziridines are ongoing in our
laboratory and will be reported in due course.
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