Mild and Selective Silicon-mediated access to enantioenriched
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Metal-free ring opening reactions of activated and unactivated aziridines with different silyl chalcogenides are described.

Judicious tuning of the reaction conditions enables the synthesis of chiral enantioenriched N-Ts and N-Boc 1,2-

mercaptoamines in good yields from the corresponding aziridines and bis(trimethylsilyl)sulfide. N-Protected and N-H

unactivated aziridines are efficiently converted into the corresponding B-arylchalcogeno amines upon treatment with

suitable arylchalcogenosilanes. The silicon-mediated ring opening reactions proceed with excellent regioselectivity and

stereospecificity,
chalcogenoamines.

Introduction

Chalcogenoamines (chalcogens S, Se, Te) are important and
versatile organic compounds. Among the variety of these
molecules, B-aminothiols represent arguably the most
important class. They are ubiquitous motifs in naturally
occurring molecules (i.e., penicillamine, cysteine, cysteamine,
glutathione), pharmaceuticals (i.e., enzyme inhibitors,*
radioprotective agentsz), and materials. B-Aminothiols find
wide application in synthetic organic chemistry, medicinal
chemistry, and catalysis.3 They are commonly used as
the synthesis of biologically relevant
molecules, such as peptides,4 thiazolidines,5 thiazolines,6

intermediates for

thiomorpholines,7 and thiazepines.8

Several methods for the synthesis of 3-aminothiols have been
reported,9 including the multistep conversion of aminoalcohols
and aminoacids into the corresponding thiols, commonly
achieved by nucleophilic substitution™ or by Mitsunobu
Alternatively, B-aminothiols can be obtained
through nucleophilic ring opening reactions (NROR) of three-
such as aziridines,12
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reaction.

and five-membered heterocycles,
sulfamidates,13 thiazolidinones,14 and thiazolidines™ with a
diverse array of sulfurated nucleophiles. Aminoethanethiols
can also be synthesized by ring opening of thiiranes with
To the best of our knowledge, most of these
procedures involve multistep sequences and all share a final
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amines.

deprotection or reduction step necessary to obtain the free
thiol moiety.

However, despite a number of methods have been described
for the synthesis of [-aminothiols, the development of a
general and mild route to directly access these compounds,
requiring a further deprotection of the thiol
functionality, remains challenging and highly desirable.

without

allowing to access a wide array of synthetically and biologically valuable enantioenriched

Besides B-aminothiols, also -arylchalcogeno amines
respresent versatile molecules in biology17 and in synthesis
and, for these reasons, have attracted considerable interest. 3-
aminochalcogenides find wide application as valuable
synthetic intermediates and as chiral ligands in asymmetric
reactions.”® For example, chiral B-aminosulfides bearing a free
amino group have been used as ligands in Ir-catalyzed
asymmetric transfer hydrogenation of prochiral ketones® and
in asymmetric epoxidation aldehydes.20
Furthermore, chiral B-aminosulfides have been employed for
the synthesis of sulfoxide-Shiff base ligands for Cu-catalyzed

asymmetric Henry reactions’’ and for the preparation of

reactions of

hybrid P,S ligands for asymmetric Pd-catalyzed decarboxilative
[4+2] cycloadditions.22

B-Arylchalcogeno amines are commonly prepared by ring
opening reactions of aziridines,23 B-Iactone524, and cyclic
sulfamidates,25 by nucleophilic substitution,26 and by reaction
of olefins with benzeneselenenyl chloride and amines.”’
However, although several methods have been reported for
the preparation of N-protected B-arylchalcogeno amines, only
a relatively limited number of procedures have been reported
for the synthesis of more useful analogues bearing a free
amino functionality. Furthermore, whilst -aminosulfides have
been deeper studied, the related selenium- and tellurium-
containing derivatives have received less attention. In addition,
only a few examples of NRORs of N-H unactivated aziridines
with chalcogen-containing nucleophiles have been
reported.Ba’b'e’f In this context, whilst silylated nucleophiles
have been used in nucleophilic ring opening reactions of N-
protected aziridines,28 to the best of our knowledge their
reactivity with the unactivated N-H analogues has never been
reported.

We recently reported alternative approaches to functionalized

sulfur-, selenium-, and tellurium-containing compounds,



proceeding through the silicon-mediated regioselective ring
opening reaction of strained heterocycles.29 We recognized
that the extension of this reactivity to N-protected or N-H
aziridines and suitable silyl chalcogenides could provide a
novel method to access B-aminothiols and B-arylchalcogeno
amines.

In this communication, we report the effective development of
a new procedure in which N-activated aziridines are
conveniently converted into 1,2-mercaptoamines and f-
arylchalcogeno amines upon reaction with
bis(trimethylsilyl)sulfide and
(phenylchalcogeno)trimethylsilane, respectively. Furthermore,
the study of the first NROR example of N-H aziridines with silyl
chalcogenides led to disclose an alternative direct route to -
arylchalcogenoamines bearing a free amino function.

Results and discussion

We began our investigations by establishing the optimal conditions
required to obtain the N-tosyl 1,2-mercaptoamine 3a from the
corresponding enantioenriched N-Tosyl protected aziridine 1a,
easily synthesized from L-phenylalanine through a reported
procedure,30 and bis(trimethylsislyl)sulfide (HMDST) 2. On the basis
of previous results related to the ring opening of epoxides and
thiiranes with thiosilanes, two different catalysts such as PhONBu431
and TBAF***>%
bond and promote the desired transformation. Aziridine 1a was

were evaluated in order to functionalize the S-Si

therefore treated with (MesSi),S 2 at room temperature in the
presence of 10 mol% of PhONBu, (Table 1, entry 1); under these
albeit
together with an almost equimolar amount of the corresponding
disulfide 4a. Taking advantage of our recent findings in the

conditions, the desired [(-aminothiol 3a was achieved,

synthesis of labile selenols,32 we next evaluated the effect of
reaction time, the reaction temperature, and amount of catalyst on
the 3a:4a ratio. When reaction temperature and reaction time were
decreased (0°C for 5 min, Table 1, entry 2), the ratio between 3a
and 4a resulted improved, although a poor conversion was
achieved (ca. 35% of the aziridine 1a remained unreacted).
Nonetheless, using 20 mol% of PhONBu, and performing the
reaction at 0°C for 10 min, a good thiol vs disulfide selectivity
(90:10) and an excellent conversion were obtained (Table 1, entry
3).

Having explored the PhO -induced ring opening of aziridines
with HMDST, we turned our attention on the evaluation of the
F~ catalyzed reaction. Aziridine 1a was initially treated with 2
at room temperature in the presence of 20 mol% of TBAF until
complete consumption of the substrate (Table 1, entry 4).
However, although a silicon mediated ring opening reaction
readily occurred, under these conditions the desired [-
aminothiol 3a was not isolated, being the corresponding
disulfide 4a the main reaction product. Intriguingly, we also
noticed the formation of ca. 20% of the sulfide, arising from
the nucleophilic attack of the thiol (or the thiosilane
intermediate) onto a second molecule of aziridine. The effect
of reaction time, reaction temperature, and amount of catalyst

was then evaluated. We found that just reducing the reaction
time to 5 min, the 3a:4a ratio increased to 65:35 (Table 1,
entry 5) maintaining a high these
conditions, the use of a lower amount of TBAF led to a poor
conversion (35% of starting aziridine remained unreacted),
whilst the 3a:4a ratio was only slightly improved (Table 1,
entry 6). On the other hand, we were delighted to find that
performing the reaction at 0°C for 10 min in the presence of 10
mol% of TBAF, the desired 1,2-mercaptoamine 3a was
smoothly formed in excellent yield and, as observed for all
these NRORs, with complete regioselectivity (Table 1, entry 7).

conversion; under

Table 1: Optimization of the reaction conditions

Ts
Ts Ts_ ~NH

Catalyst (mol%s) R S\)\
o) s )
THF R™ WAS :
3a HN 4a
STs

R * (MesSi),S

la (12eq) Temperature, Time
R=Bn 2 Citric acid

Entry Temp. (°c) Time (min) Catalyst, mol% (3a'4a)  Conversion (%)a
1 r.t 10 PhONBU,, 10 60:40 90
2 0 5 PhONBu, 10 80:20 65
3 0 10 PhONBu, 20 90:10 >05
4 r.t 15 TBAF, 20 <2:78P >95
5 rt 5 TBAF, 20 65:35 >05
6 rt 5 TBAF, 10 70:30 65

(7 ) 10 TBAF, 10 >95:5 95" )

? Conversion was determined by "H NMR; ® ca. 20% of the corresponding

sulfide was formed; € 92% vield.

Having established optimal conditions for the effective synthesis of
1,2-mercaptoamines, we next explored the scope of this procedure.
Thus, differently N-protected aziridines,
from the corresponding natural aminoacids (L-Phe, L-Ala, L-Val, L-

conveniently prepared

lle, L-Leu), were treated with (Me;Si),S as reported in the Scheme 1.

Pg SNH
N TBAF (0.3 eq.) HS\)\
+ Si),S
>—R (MesSi), THE R
la-e:pg=Ts 2 0°C, 10 min 3a-epg=Ts
5a-c: pg = Boc Citric acid 6a-c: pg = Boc
Ts
“NH
HS\)\/Ph HS \)Y \)Y\
3a, 92%* 3b, 87% 3c, 90%° 3d, 91%°
Ts
“NH
HS\/K)\ HS\)\/F’ \)ﬁ/
3e, 84%° 6a, 93%2b 6b, 87%2P 6c, 76%3b

?Yield refers to isolated product; b Ring opening reaction carried out at r.t.,
for 1h, in the presence of 1.0 eq. of TBAF.

Scheme 1. Scope of the synthesis of 1,2-mercaptoamines through
the ring opening of aziridines with HMDST

Variously substituted enantioenriched N-tosyl aziridines 1a-e
were into the corresponding 1,2-
(Scheme 1).

reaction was also amenable to N-Boc

smoothly converted
mercaptoamines 3a-e in very good vyields

Furthermore, the



protected aziridines; optically pure N-Boc B-aminothiols 6a-c
were easily achieved from 5a-c under slightly modified
reaction conditions. Indeed, N-Boc aziridines proved to be less
reactive with respect to the N-Tosyl analogues23f and,
therefore, the ring opening reaction was carried out at
ambient temperature in the presence of 1.0 eq. of TBAF
(Scheme 1). All the synthesized 1,2-mercaptoamines arose
from a clean nucleophilic attack of the sulfur atom on the less
hindered side of the three-membered ring.33

Having successfully developed a convenient procedure for the
synthesis of 1,2 mercaptoamines, we then evaluated the use of
aromatic silyl chalcogenides to access -phenylchalcogeno amines.
As stated above, chiral B-arylchalcogeno amines represent an
interesting class of compounds and the study of an alternative,
general and mild methodology for their synthesis would be
desirable.

Thus, in order to evaluate a novel silicon-mediated route to this
class of compounds, we investigated the reactivity of silyl
chalcogenides 7a-c with aziridines 1a and 5a. As reported in the
Scheme 2, in the presence of a catalytic amount of TBAF, the
phenylthio, phenylseleno, and phenyltelluro moieties
smoothly transferred onto the aziridine, leading smoothly to the

were

formation of N-protected B-phenylchalcogeno amines 8a-c and 9a-c

in good yields.
P
Pg I N
N Ph  TBAF (0.4 eq)
PhYSiMe; + Q.J - . Ph¥. Ph
7aY=s THF
= laipg=Ts rt,5h 8a-c: pg=Ts
7b:Y " Se 5a: pg = Boc 9a-c: pg = Boc
7ciY=Te Py Py
Ts Boc Ts
“NH “NH “NH
Phs\)\/ Ph Phs\)\/ Ph PhSe\)\/ Ph
8a, 89% 9a, 76% 8b, 82%
Boc Ts Boc
“NH “NH “NH
PhSe\)\/ Ph PhTe\)\/ Ph PhTe\)\/Ph
9b, 79% 8c, 84% 9c, 73%

Scheme 2. Reactivity of PhSSiMe;, PhSeSiMe;, and PhTeSiMe; with
N-protected aziridines.

Having demonstrated that N-Tosyl and N-Boc aziridines could be
reacted with silyl chalcogenides to afford the corresponding
arylchalcogeno amines, we wished to extend this reactivity to N-H
unactivated aziridines.>* We were pleased to find that PhSSiMe; 7a
reacted with benzyl-, methyl-, isopropyl-substituted
unprotected 10a-c to give the corresponding
phenylsulfides 11aa-1l1ac, bearing free NH, groups (Scheme 3).

and
aziridines

Furthermore, the related selenosilane 7b and tellurosilane 7c could
be successfully employed in this reaction, allowing to directly access
unprotected -amino- selenides and tellurides 11ba-11bc and 11ca-
11cc, respectively, without requiring further deprotection stepsm’35

(Scheme 3).

TBAF (0.4 eq) NH,

PhYSiMe; + R —— th\)\
THF, rt,6h R
7aY=S 10a-c 1laa llac:Y =S
7biY T Se 1lba 11lbc:Y = Se
7ciY =Te llca llcc: Y =Te
NH NH Nz
? 2 Phs
Phs\)\/ Ph PhS
1laa, 63% 11ab, 56% 1lac, 64%
NH,
NH, NH,
PhSe
PhSe\)\/ Ph PhSe\/j\
11ba, 65% 11bb, 55% 11bc, 62%
NH,
NH, NH,
PhTe
PhTe\)\/ Ph  PhTe
1lca, 63% 1icb, 58% 1lcc, 67%

Scheme 3. Reactivity of PhSSiMe;, PhSeSiMes, and PhTeSiMe; with
unprotected aziridines.

Furthermore, to demonstrate the possibility to apply this procedure
to differently substituted silyl chalcogenides, arylseleno- and
aryltelluro amines 13a and 13b were successfully obtained by
reaction of p-tolylselenosilane 12a and p-tolyltellurosilane 12b with
the unprotected aziridine 10b in the presence of a catalytic amount
of TBAF (Scheme 4), thus illustrating the versatility of the
methodology.

NH,
Y. TBAF
~siMe HN (0.3eq) Y.
3 +
> THF
0°Ctort,6h

10b
12a:Y = Se
12b:Y =Te

13a: Y = Se, 55%
13b: Y = Te, 69%

Scheme 4. Synthesis of aminoselenide 13a and aminotelluride
13b.

The methodology here developed is also important in order to
straightforwardly access small molecules with catalytic
activity. Indeed, pB-phenylseleno- and f-
phenyltelluro-amines bearing a free amino function behave as

antioxidant

much more active glutathione peroxidase mimics with respect
to their N-Tosyl protected analogues.35

Conclusions

In conclusion, we have developed a novel, mild, convenient
procedure to access chiral enantioenriched f-aminothiols through
the ring opening reaction of N-Ts and N-Boc aziridines with
N-Activated
successfully employed in reactions with arylchalcogenosilanes,
enabling the N-protected  enantioenriched
arylchalcogenoamines. the N-H
unactivated aziridines with silyl chalcogenides has been for the first

bis(trimethylsilyl)sulfide. aziridines were also
synthesis  of
Furthermore, reaction of
time investigated, leading to unveil a new protocol for the synthesis
of arylchalcogenoamines bearing a free amino function.

The reactions proceed via fluoride or phenoxide ion-induced

functionalization of silyl chalcogenides, providing a stereospecific



and highly regioselective access to variously substituted

aminochalcogenides.

Experimental

General

All reactions were carried out in an oven-dried glassware under
inert atmosphere (N,). Solvents were dried using a solvent
purification system (Pure-Solv™). All commercial materials were
purchased from various commercial sources and used as received,
without further purification. N-Ts,1 N-Boc,2 N-H? aziridines and silyl
chalcogenides4 were prepared according to literature reported
procedures.

Flash column chromatography purifications were performed with
Silica gel 60 (230-400 mesh). Thin layer chromatography was
performed with TLC plates Silica gel 60 F,s4, which was visualised
under UV light, or by staining with an ethanolic acid solution of p-
anisaldehyde followed by heating. High resolution mass spectra
(HRMS) were recorded by Electrospray lonization (ESI). GC-MS was
performed on a Varian CP 3800/Saturn 2200 instrument.

'H and c NMR spectra were recorded in CDCl; using Mercury 400,
Bruker 400 Ultrashield, and Varian Gemini 200 spectrometers
operating at 400 MHz and 200 MHz (for 'H), 100 MHz and 50 MHz
(for 13C). ”7se NMR spectra were recorded using Bruker 400
Ultrashield and Varian Gemini 200 spectrometers, operating at 76
MHz and 38 MHz, respectively. 12Te NMR spectra were recorded in
CDCl; at 126 MHz with a Bruker Ultrashield 400 Plus instrument.
NMR signals were referenced to nondeuterated residual solvent
signals (CDCl3: 7.26 ppm for 'H, 77.0 ppm for Bo). Diphenyl
diselenide (PhSe), was used as an external reference for "7Se NMR
(6 = 461 ppm). (PhTe), was used as an external reference for B
(6 = 420 ppm). Chemical shifts () are given in parts per million
(ppm), and coupling constants (/) are given in Hertz (Hz), rounded to
the nearest 0.1 Hz. *H NMR data are reported as follows: chemical
shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, ap
d = apparent doublet, m = multiplet, dd = doublet of doublet, bs =
broad singlet, bd = broad doublet, ecc.), coupling constant (J) or line
separation (Is), and assignment. Where reported, NMR assignments
are made according to spin systems, using, where appropriate, APT
and 2D NMR experiments (COSY, HSQC) to assist the assignment.
Naming of Compounds. Compound names are those generated by
ChemBioDraw 15.0 software (PerkinElmer), following IUPAC
nomenclature.

General Procedure for the synthesis of N-Tosyl 3-aminothiols 3a-e.
A solution of N-Tosyl aziridine 1 (0.5 mmol, 1.0 eq.) and
bis(trimethylsilyl)sulfide (HMDST, 2) (0.6 mmol, 1.2 eq.) in dry THF
(2 mL) was cooled under inert atmosphere at 0°C, and treated with
TBAF (0.12 mL of 1M THF solution, 0.12 mmol). The reaction was
stirred for 10 min and then citric acid (50% aq solution) was added.
Afterwards, the mixture was diluted with diethyl ether, washed
with water, and dried over Na,SO,. The solvent was evaporated
under vacuum affording N-Tosyl B-aminothiols 3a-e pure enough to
be used without further purification.

General procedure for the synthesis of N-Boc 3-aminothiols 6a-c.
A solution of aziridine 5 (0.5 mmol, 1.0 eq.) and
bis(trimethylsilyl)sulfide (HMDST, 2) (0.6 mmol, 1.2 eq.) in dry THF
(3 mL) was treated with TBAF (0.6 mL of 1M THF solution, 1.2
mmol). The reaction was stirred at room temperature for 1 h and
then citric acid (50% ag solution) was added. Afterwards, the
mixture was diluted with diethyl ether, washed with water, and
dried over Na,SO,. The solvent was evaporated under vacuum
affording the desired N-Boc 3-aminothiols 6a-c pure enough to be
used without further purification.

General procedure for the synthesis of B-phenylchalcogenoamines
by NRORs of aziridines with phenylchalcogeno silanes. A solution
of aziridine (1, N-Ts aziridine; 5, N-Boc aziridine or 10, N-H aziridine)
(0.5 mmol, 1.0 eq.) and phenylchalcogeno silane (7a, PhSSiMes; 7b,
PhSeSiMe;; 7c, PhTeSiMe;) (0.6 mmol, 1.2 eq.) in dry THF (3 mL)
was treated with TBAF (0.24 mL of 1M THF solution, 0.24 mmol).
The reaction was stirred at room temperature for 5-6 h, until
complete consumption of starting material was observed by TLC.
Afterwards, NH,Cl (sat. ag solution) was added, the mixture was
diluted with diethyl ether, washed with water, and dried over
Na,SO,. The solvent was evaporated under vacuum and the crude
material was purified by flash column chromatography to afford &-
phenylchalcogenoamines 8, 9 or 11.
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