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Iron(II)-Catalyzed 1,2-Diamination of Styrenes Installing a Terminal
NH, Group Alongside Unprotected Amines

Valentyn Pozhydaiev, Antonio Paparesta, Joseph Moran,* and David Lebceuf*

Abstract: 1,2-Diamination of alkenes represents an
attractive way to generate differentiated vicinal dia-
mines, which are prevalent motifs in biologically active
compounds and catalysts. However, existing methods
are usually limited in scope and produce diamines where
one or both nitrogens are protected, adding synthetic
steps for deprotection and further N-functionalization to
reach a desired target. Furthermore, the range of amino
groups that can be introduced at the internal position is
fairly limited. Here we describe a 1,2-diamination of
styrenes that directly installs a free amino group at the
terminal position and a wide variety of unprotected
nitrogen nucleophiles (primary or secondary alkyl or
aromatic amines, sulfoximines, N-heterocycles, and
ammonia surrogate) at the internal position. Two
complementary sets of conditions encompass electroni-
cally activated and deactivated styrenes with diverse
substitution patterns and functional groups. Moreover,
this strategy can be extended to the 1,2-aminothiolation
of styrenes. )

Vicinal diamines are privileged structural motifs in bio-
logically active compounds and have also found extensive
use in transition metal catalysis and organocatalysis
(Scheme 1A)." As a result, a plethora of synthetic methods
featuring various disconnections have been devised to
prepare vicinal diamines,” including reactions with aldi-
mines and ketimines,”! hydroamination of allylamines and
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enamines,” aminolysis of aziridines,” C—H amination,’”! and
amination of diols via hydrogen borrowing strategy.”’ Most
of these methods require starting materials where one of the
nitrogen functionalities is pre-installed. More importantly,
they are rarely compatible with a wide range of amino
groups, notably alkylamines. Furthermore, they typically
result in N-protected products, requiring additional protec-
tion/deprotection steps, lengthening the overall synthesis.

The intermolecular diamination of alkenes, and related
transformations such as aminoazidation® and diazidation,"’
represent attractive strategies to prepare vicinal diamines
from feedstock alkenes. However, accessing differentiated
vicinal diamines proved difficult, especially when both
nitrogen functionalities are not covalently linked within the
reactant."™"! Several groups have designed methods for the
direct formation of differentially protected diamines from
alkenes via 1,2-diamination (Scheme 1B).'" However, they
typically install only one class of protected/masked amino
groups at the internal position and they do not provide
access to terminal primary aliphatic amines, except for the
aminoazidation of alkenes reported by the group of
Morandi.®™ Yet, additional synthetic steps are required to
convert the azide into amino functionalities.

Methods that enable diamination of alkenes that directly
access unprotected differentiated vicinal diamines would be
particularly attractive from a synthetic standpoint but
remain rare.'” The group of Leonori described a one-pot
sequence that incorporates unprotected secondary and
tertiary alkylamines at the terminal position, whereas mainly
unprotected secondary alkylamines could be installed at the
internal position (Scheme 1C).'"**l However, the use of less
nucleophilic amines such as aniline or trifluoroethylamine
led to a mixture of regioisomers, while the reactivity of
amines bearing alkenyl or alkynyl moieties was not
reported.

Despite the above-described important advances for
alkene 1,2-diamination, a method that would directly embed
a free NH, group at the terminal position and a broad array
of nitrogen-containing motifs at the internal position is still
missing. Moreover, this NH, represent a convenient syn-
thetic handle for divergent synthesis as opposed to previous
reports that usually led to products incorporating either
amines protected by electron-withdrawing groups (EWG) or
alkylamines at the terminal position. Another critical
problem to address is the reactivity of highly electronically
deactivated styrenes, which remain underrepresented even
among methods that deliver protected unsymmetrical vicinal
diamines. [Be<12001
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Scheme 1. Vicinal diamines and their synthesis by 1,2-diamination of alkenes.

Here, we report streamlined protocols for 1,2-diamina-
tion of sterically and electronically varied styrenes, which
introduce an unprotected primary amine at the terminal
position and a wide variety of nitrogen nucleophiles at the
internal position such as unprotected primary or secondary
alkyl or aromatic amines, sulfoximines, N-heterocycles,
sulfoximines, and an ammonia surrogate.

At the outset of this study, we envisioned that the
diamination of styrenes to give unprotected amines could be
achieved in a one-pot/two-step sequence involving the initial
formation of an aziridinium intermediate that will react with
a second amine (Scheme 1C). This strategy is inspired by the
work of the Morandi group on the aminofunctionalization of
alkenes that allows the incorporation of primary aliphatic
amines with hydroxylammonium salts.*'**! In their studies,
simple nucleophilic partners, which did not interfere with
the amine source, such as water, alcohols, sodium chloride
and sodium azide were used. However, in the case of 1,2-
diamination, the formation of the aziridinium and its open-
ing needs to be separated in time due to the propensity of
amines to react with hydroxylammonium salts.™™ Our
previous studies on iron(II)-catalyzed (hetero)arylamination
of highly deactivated styrenes showed that such temporal
separation is feasible when hexafluoroisopropanol (HFIP) is
used as a solvent.'! We attributed this result to the inherent
ability of HFIP to prevent any trapping of the catalyst, to
extend the lifetime of cationic and radical species, and to
increase the electrophilicity of reactive intermediates.!"”
Nevertheless, the (hetero)arylamination protocol was far
from general; the transformation was not compatible with
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deactivated styrenes bearing, for instance, ester, CF;, or
halide substituents, nor with electron-rich styrenes. Impor-
tantly, during our investigations on (hetero)arylamination,
we observed that weakly basic diphenylamine substrates
delivered products of diamination rather than aminoaryla-
tion. We posited that this observation could be exploited to
develop a general 1,2-diamination of styrenes that was
independent of the basicity and nucleophilicity of the amine.

Using p-nitrostyrene and benzocaine (anesthetic) as a
representative aniline, we found that the devised reaction
sequence led to the densely functionalized product 1 in 63 %
yield, incorporating three different nitrogen units and an
ester (Scheme 2)."® Decreasing the excess of benzocaine led
to reduced yields (21 % with 1 equivalent and 53 % with 3

CO,Et
[MsO-NH][OTf] EtO,C.
(1.5 equiv.) \©\
FeS0,-7H,0 NH
(10 mol%) <5 equiv.) /@/K/ )

HFIP ( 06M) 80"C 16 h

60°C,1h (63%)
standard
conditions

60% 81%

1

Scheme 2. Benchmark 1,2-diamination of p-nitrostyrene with benzo-
caine.
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equivalents). Interrupting the process after the first step
allowed us to isolate the corresponding aziridine 1’ in 60 %
yield. Re-engaging the aziridine in our standard conditions
provided compound 1 in 81 % yield, in line with its
intermediacy in the reaction. As anticipated, when benzo-
caine was present from the start, the desired reaction did not
proceed and p-nitrostyrene was fully recovered, suggesting a
competitive reaction with the hydroxylammonium salt.

Having demonstrated the efficiency of our protocol with
a primary aniline, we examined its compatibility with diverse
para-substituted anilines (Conditions A) (Scheme 3). All
smoothly reacted to afford the corresponding diamination
products 2-9 in yields ranging from 33 to 71 %. We notably
introduced several relevant functional groups such as nitro,
cyano, trifluoromethyl, ester, primary amide, halide, ether,
and alkyl. A chloride substituent could be positioned at the
para, meta or ortho position without a significant impact on
the reactivity (10-12). Even a sterically hindered aniline
could be used to afford the target product 13 in 47 % yield.
The transformation was extended to primary naphthyl-
amines, delivering compounds 14 and 15 in 65 and 54 %
yield, respectively. Next, we examined the reactivity of
secondary anilines (16-19), which proved to be equally
efficient as nucleophiles. Remarkably, the alkene and alkyne
moieties in products derived from N-allylaniline 18 and N-
propargyl aniline 19 remained intact and no cyclization
product arising from hydroamination was observed.

We then explored the scope with respect to electron-
deficient styrenes, using benzocaine as a model nucleophile.
Our protocol allowed a rapid assembly of vicinal diamines
(20-28) from a broad range of deactivated styrenes incorpo-
rating medicinally relevant and derivatizable substituents in
yields ranging from 40 to 90 %, including a perfluoro motif,
a trifluoromethyl group, secondary and tertiary sulfona-
mides, a sulfonyl ester, a secondary amide, a Weinreb amide
and a pentafluorosulfanyl group. Using 20 as an example,
we confirmed the scalability of the protocol on 5 mmol
(80%, 1.68 g).

We developed a second set of reaction conditions for
electron-rich and mildly deactivated styrenes, which are
prone to oligomerization under the original conditions in
HFTP. Building on a previous study by the group of Morandi
on aminochlorination,'*! we achieved the desired reactivity
through a two-step one-pot protocol, first involving the
formation of aminochlorinated product 32, which could be
isolated in 78 % yield, followed by an in situ nucleophilic
substitution of the chloride by aniline in the presence of
triflic acid (TfOH) (Conditions B) (Scheme 4).

Conditions B enabled diamination of a series of
deactivated styrenes containing SCF;, trifluoromethyl, ester,
and halide groups (33-37, 51-55 %) as well as electron-rich
styrenes (39-47, 40-65 % yields), which were previously
incompatible with the reaction sequence in HFIP. Alkyl,
aryl, alkynyl, cyclopropyl, ether and thioether substituents
were well-tolerated. Remarkably, even the presence of an
internal nucleophile on the arene did not disrupt the
reaction (46, 62 %). Of note, those conditions do not work
with highly deactivated substrates such as p-nitrostyrene. In
turn, m- and o-nitrostyrene reacted smoothly to provide the
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corresponding products 29 and 38 in 70 and 46 % yields,
using conditions A and B, respectively. The protocol is not
limited to mono-substituted styrenes but is also applicable to
electron-rich and -deficient internal styrenes (30, 48 and 49,
43-57 %) and o-methylstyrenes such as 50 (41 %). On the
other hand, no product was detected in the case of 4-
nitrostilbene. Regarding electron-rich vinyl heteroaromatics
such as 2-vinylthiophene or 3-vinylindole, they proved too
reactive; during the aminochlorination step, the intermediate
reacts with the solvent (methanol) to give an aminoether-
ification product which is unreactive in the presence of
TfOH and aniline. The same result was also observed in the
case of electron-rich p-methoxystyrene and 1,1-diphenyl-
ethylene (see Supporting Information for details).

When bioactive molecules such as sulfadiazine (anti-
biotic) and sulfamethoxazole (antibiotic) were used in the
reaction sequence, diamination products 51 and 52 were
obtained in 52% and 50 % yields, respectively. Our strat-
egies were also applied to cyclic alkenes such as cyclo-
pentene, producing compound 53 in 50 % yield,™ and to a
1,3-enyne to furnish product 54 in 55 % yield. In the case of
allylic substrates, the regioselectivity was, however, reversed
in favor of the addition at the terminal position, in line with
the observation of the Leonori group for related starting
materials."* Attractively, the protocol offers a rapid access
to B-arylethyamines (55), which are key scaffolds in drug
discovery,”™ unnatural B-amino acids (56), and 1,2,3-tria-
mines (57).

Although 4-vinylaniline cannot be used directly for this
reaction sequence, the corresponding product 58 was
formally obtained via reduction of the nitro group of
diamine 7 in nearly quantitative yield (97 %). Oxidation of
the indoline moiety of Boc-protected diamine 16 by Mn-
(OACc);-2H,0 delivered indole 59 in 84 % yield over 2 steps,
representing an indirect way to add indoles to an alkene at
NH rather than at C3.0'

To gain insight into the role of TfOH in the second set
of conditions, we studied the reactivity of trans p-meth-
ylstyrene (Scheme 5). From the known aminochlorinated
intermediate 48,1*"! here isolated in 63 % yield as a single
diastereoisomer, two mechanistic pathways were envisioned
for the activation of benzyl chloride by TfOH: (1) a direct
Sx2 pathway would lead to the cis product, whereas (2) a
pathway involving the formation of an aziridinium and a
subsequent ring-opening would lead to the trans product. To
differentiate between these scenarios, 48 was engaged in a
reaction with carbonyldiimidazole (CDI) to form cyclic
product 60 as a mixture of diastereoisomers (78 % yield, dr
3.5:1). The structure of the major diastereoisomer was
ascertained by X-ray crystallography, showing a trans
configuration, which is consistent with the second proposed
mechanism. Additional observations further clarify the
mechanism. During the second step, the use of a catalytic
amount of TfOH proved essential to obtain the product 48
in a satisfying yield (57 %). In its absence, 48 was obtained
only in 15% yield. Furthermore, the formation of the
aziridine was not observed in the absence of aniline. Thus,
we assume that, in solution, there is an equilibrium between
the aminochlorinated and aziridinium intermediates that
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Scheme 3. Scope of 1,2-diamination of styrenes with anilines. [a] Isolated yield of Boc-protected compound.

Angew. Chem. Int. Ed. 2024, 63, €202411992 (4 of 8) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

RIGHTSE LI MN iy

35101 SUOLILIOD BANER.D) 3|1 dde au) Ag pauLA0B a1 SRILE YO ‘B8N JO 3N 0} AReq1] BUIIUQ A3{IA UO (SUOTIPUOD-PUE-SULRYLICY" | 1 ATe1q|1[Bu! U0//STIIL) SUONIPUOD PUE SWLB | 3U) 885 * [1Z0Z/0T/TE] U0 AReiq17aUIlUO ABIM * 20URI- BURILR0D - JneodR| PIep AQ Z66TTHZ02 @ 1Ue/Z00T OT/I0p/LIc0" 3|1 ARG jou 1 |uo// STy W) ppeojumod ‘Sp ‘vZ0e ‘€2/ETeST


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fanie.202411992&mode=

7
[PivO-NH][OTf]
(1.5 equiv.)
NaCl (1.05 equiv.) PhNH;
Fe(acac), (5 equiv.) NHPh
10mol%)  TFOH (20 moi%) NH,

O ———0—
Br MeOH/DCM (3:1) 80 °C, 16 h Br
i, 16 h 31 (51%)

al standard
/@)\/ NHz  conditions
Bi
' 32

78% 75%

Scheme 4. Benchmark 1,2-diamination of p-bromostyrene with aniline.
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MeOH/DCM (3:1) Me +HCI Me
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48' (63%)
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NHPh NHPh
. NH
Ph/\l‘ NH, P N 2
Me Me
Sn2 Ring-opening
aziridinium
CDI (3 equiv.)
NHPh pyridine (3 equiv.)
P'J\(NHZ -
! DCM, 60 °C, 16 h
Me
48 (dr 3.5:1)

Scheme 5. Studies regarding the role of triflic acid in the reaction
sequence.

favors the former, and that aniline reacts irreversibly with
the aziridinium to form diamination product 48. Given that
both diastereoisomers were obtained, both mechanisms are
likely at play, with the second one being the major path.
Next, we expanded the protocol to aliphatic amines.
Primary aliphatic amines bearing functions of interest such
as alkenyl (61), alkynyl (62 and 63), cyclopropyl (64),
trifluoromethyl (65), (hetero)aryl (66-68) and protected
amino acid (69) groups were successfully introduced into the
product (Scheme 6). In turn, a complex mixture was
obtained with tert-butylamine. In some cases, the product
was isolated as a mixture of the free base and its ammonium
salt, in which case it was Boc-protected to simplify charac-
terization. Here, cyclopropylamine unexpectedly acted as a
surrogate of ammonia, affording vicinal primary diamine 72,
whose formation likely results from the protonation of the
cyclopropyl group (70) followed by hydrolysis of resulting
iminium 71 to the primary amine.” To the best of our
knowledge, it constitutes the first example of a direct 1,2-
diamination of styrenes to afford unprotected vicinal
primary amines in one-pot. Additionally, our protocol
enabled the incorporation of medicinally relevant cyclic
amines, including morpholine (73), piperazine (74 and 75)
such as amoxapine (antidepressant, 75), piperidine (76),
pyrrolidine (77) and tetrahydroisoquinoline (78) moieties as
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well as diallylamine (79) and rasagiline (treatment of
Parkinson’s disease, 80) in yields ranging from 40 to 52 %.

We then wondered if related nitrogen nucleophiles such
as sulfoximines, which have emerged as relevant functional
groups in drug discovery,”? would be compatible with this
reaction sequence. Since they display similar pKa as anilines,
we considered that they should, in principle, display similar
reactivity,” which was confirmed with compounds 81-83.
NH-heterocycles such as benzotriazole (84), imidazole (85),
pyrazole (86) and adenine (87) also proved to be competent
nucleophiles for the devised 1,2-diamination transformation.
This protocol can also be used to install a pyridine motif,
albeit in a lower yield (88, 29%). As discussed in the
introduction, the primary aliphatic amine formed can serve
as a platform for divergent synthesis, to either introduce an
EWG-group such as Boc (61) or a cyclic amine such as
morpholine (89).

Moreover, this reaction sequence was successfully ex-
panded to embody the aminothiolation of styrenes, adding
an NH, group and S-nucleophiles, including underexplored
alkylthiols.” The corresponding aminosulfidation products
90-95 were synthesized from diversely functionalized al-
kylthiols, notably protected cysteine, in 37-64 % yields.

Lastly, we demonstrated that our protocol is also
applicable to the hydroxylamination of highly deactivated
styrenes. Morandi’s pioneering report of styrene hydroxyla-
mination notably did not include substrates bearing elec-
tron-withdrawing groups stronger than a trifluoromethyl
group.'* In our case, using pentafluorostyrene as substrate
led to product 96 in 49 % yield (over 2 steps) following Boc
protection (Equation 1):

1/ [MsO-NH3][OT] (1.5 equiv.)
FeS047H,0 (10 mol%)

F HFIP (0.6 M), 60 °C, 1 h F  OH
F X then HCI (1M) F NHBoc
(1)
F F 2/ Boc,0 (2 equiv.) F F
F EtsN (2 equiv.) F
DCM, 1t, 2 h

96 (49% over 2 steps)

In conclusion, we developed a general and versatile
method for rapid access to 1,2-diamines in moderate to high
yields, starting from readily available styrenes, hydroxylam-
monium salts, and amine nucleophiles. Compared to
previous approaches, our operationally simple one-pot/two-
step protocol enables a modular construction of densely
functionalized vicinal diamines where one of the nitrogen
functionalities is a primary aliphatic amine. A hallmark of
this transformation is its capacity to accommodate many
classes of amine and sulfur nucleophiles, including bioactive
molecules. Depending on the electronic nature of the
substrate studied, two different sets of conditions were
developed which collectively cover a large variety of drug-
relevant functional groups. The numerous functional groups
incorporated into the target products could enable manifold
derivatizations, creating high value-added building blocks
for diversity-oriented synthesis, notably the design and
preparation of analogs in drug discovery.
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[MsO-NH3][OTf] (1.5 equiv.)
FeSO,4-7H,0 (10 mol%)

/©/\ )
/
O,N

HFIP (0.6 M), 60 °C, 1 h

Primary alkylamines
h L
NH
/@/K/NHQ /©)\/NH2
ON O,N

61 (A, 44%)? 62 (A, 42%)@ 63 (A, 40%)

\\\L Y
NH NH
O,N O,N

64 (A, 39%)°

[N] or [S] [Y]
(5 equiv.) NH,
Cz
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80°C,2-18 h
OMe
CF3
NH NH

Phl
NH
O,N

67 (A, 41%)@

ON

65 (A, 50%)

J@)VNHZ
O2N

2!

66 (A, 41%)°

Cyclopropylamine
HN__]
Me CO,Me
[>—nNH,
NH Me NH dord
standart
/@)\/NHZ /@)\,NHZ /@/\ conditions
ON 0N 0N
68 (A, 56%) 69 (A, 43%, dr 1:1)1
from tryptamine from L-leucine

l

S

72 (A, 38%)

Secondary alkylamines
COEL

g@wg
@

Weaa

gy
o

S
@

N

e
/@)\/

73 (A, 42%)?! 74 (A, 52%) 77 (A, 46%, dr 1:1)@ 78 (A, 47%)° 79 (A, 45%) 80 (A, 44%, dr 1:1)¢
from rasagiline
75 (A, 47%)
from amoxapine
Sulfoximines NH-heterocycles
o) o N N D
Phd P Me\'/ N ry o\ W 3
M SN 7~ SN / SN N N N
O,N N 0N O,N 0N 0N
81 (A, 58%, dr 1:1) 82 (A, 56%, dr 1.5:1) 83 (A, 51%) 84 (A, 62%) 85 (A, 51%) 86 (A, 59%) 87 (A, 42%)
from adenine
Aminopyridine Divergent synthesis
Z 0 \L Br/\/o\/\Br N
Sw (1.2 equiv.) A~ NH2 A~ NH2
NH O 0, @ equiv) standard tandard B0c20 (1 equiv.)
K1 (10 mol%) conditions

o

88 (A, 29%) 89 (46%)

MeCN, 80 °C, 16 h

NH
/@/\ conditions  EtsN (2 equiv.) /Ej)\/NHBoc
—_—
O2N DCM, rt, 1h ON

61 (44%)
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@ E i
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/@)\/ /@/K/NW
DN

90 (A, 52%) 91 (A, 60%) 92 (A, 64%)

=~
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NHAc

MeOZC\E
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from cysteine

MeOZC\L

Wean

94 (A, 41%)

Scheme 6. Scope of 1,2-diamination of styrenes with various amino groups.
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