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Abstract: New reaction conditions for the rapid and
productive intermolecular aminochlorination reac-
tion of alkenes using a combination of chloramine-T
and a Brgnstedt acid are described. Upon simple
protonation of chloramine-T, conditions for a mild
and selective aminochlorination are obtained. In ad-
dition, the reaction can proceed to form either of the
two possible regioisomers, depending on whether

a stoichiometric amount of such an acid activator or
acetic acid is used as solvent. The reaction is opera-
tive for all different classes of alkenes. A total of
over 50 examples is presented to illustrate this con-
cept.

Keywords: alkenes; aminochlorination; Brgnstedt
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Introduction

The vicinal difunctionalization of alkenes under inter-
molecular reaction control constitutes a veritable
challenge in oxidation. At the same time, it represents
an important synthetic approach in order to accom-
plish selective transformation of bulk materials into
building blocks of higher complexity for subsequent
diversification. Few truly general reactions have been
developed so far.!) Arguably, the most prominent ex-
ample continues to be the osmium-catalyzed dihy-
droxylation reaction.”’ Additional metal-catalyzed di-
functionalization reactions are available,’®! and
recent progress has also centered on metal-free reac-
tivity. !

Commercially available chloramine-T (1)!" is a par-
ticularly useful oxidant that has found broader appli-
cation in organic synthesis. For example, it serves as
a suitable nitrene precursor and has found significant
application in various alkene oxidation reactions such
as the osmium-catalyzed aminohydroxylation!"**# and
metal-catalyzed aziridination reactions.”’ Certain con-
ditions were described for chloramine-T promoting
the direct aziridination of alkenes without the re-
quirement of a metal promoter.['”)

In addition, the N—ClI functionality in chloramine-T
should be attractive for metal-free aminohalogenation
reactions."!! For the realization of such vicinal oxida-
tion reactions, significant work was achieved by Mina-
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kata and Kumada. Different conditions were report-
ed, which include the use of supercritical CO,,"” or
hypervalent iodine reagents"” as well as w-iodo-
alkenes for oxidative pyrrolidine formation
(Scheme 1).1'4

In general, aminohalogenation reactions have re-
ceived wide attention due to the importance of the vi-
cinal chloramine products as building blocks in organ-
ic synthesis.'!! These reactions have been widely de-
veloped using metal promoters to effect activation of
the respective N-chloroamines prior to alkene oxida-
tion. Among several other examples, the metal-cata-
lyzed aminochlorination with chloramine-T has been
explored.!'>!°!

We here show that transition metal activation can
be replaced by protonation of chloramine-T with

TsNNaCl (1) cl
Ph
CO;, (10 atm), Ph  NHTs
benzene, r.t.,, 6 h 80%
2equiv. TSNNaCI (1) |
NN

MeCN, r.t., 2d
91%

Scheme 1. Representative metal-free aminohalogenation re-
actions based on chloramine-T.
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Brgnstedt acids, which gives rise to an unexpected
direct aminochlorination of alkenes under mild condi-
tions. The reaction has an unprecedentedly broad sub-
strate scope as it proceeds with all classes of alkenes.
In addition, the regioselectivity of the reaction can be
tuned according to the reaction conditions.

Results and Discussion

We started the screening for styrene as substrate
(Table 1). As expected, no reaction takes place in the
sole presence of 1.2 equivalents of chloramine-T even
at elevated temperatures (entry 1). However, a clean
aminochlorination is induced by the addition of an
equimolar amount of pivalic acid (entry 2). Lowering
the amount of acid activator decreases the yield in
a proportional manner, while no reaction proceeds at
lower temperature (entries 3 and 4). Among alterna-
tive proton sources, benzoic acid gives a comparable
aminochlorination, while ammonium fluorides lead to
reduced yields (entries 5-7). Interestingly, the regio-
isomeric product 4a was formed when the reaction
was carried out in acetic acid as solvent (entry 8).1"]

Under the conditions of activation with pivalic acid
the reaction performs well for a series of monosubsti-
tuted alkenes (Table 2).

These include all kinds of styrenes bearing para-
meta- and ortho-substituents as well as three allylben-
zenes. The robustness of the reaction was further
demonstrated by a reaction of 2a on 95-mmol scale
providing 27 g of the corresponding aminochlorinated
product 3a within a single reaction."® Aliphatic sub-
stituents are equally tolerated and products 3k-3n
were isolated as single regioisomers. For the latter ex-
ample of 3n from 5-hexenenitrile the structure was
unambiguously secured by X-ray analysis."”’ Forma-
tion of 3m underlines the selectivity of the amino-
chlorination reaction as no potentially competing
Ritter-type reaction product was observed.””

Interestingly, for styrenes bearing electron-donating
substituents, aminochlorination proceeds with inver-
sion of regioselectivity as determined for products 4a—
d, 4¢ and 4i-k (Table 3). As observed during the
screening process, such an inverted regioselectivity is
observed as the general outcome from reactions in
acetic acid as solvent, regardless of the nature of the
substituent. This is illustrated for the cases of 4-
bromo- and 4-chlorostyrene as well as 3-fluorostyrene
and 1-octene. In these cases products 4e, 4f and 4h
are formed as regioisomers of 3b, 3¢ and 3g, respec-
tively. Only for 1-octene was the product formed in
a 3:1-mixture in favor of the expected regioisomer 4l.

The same trend is observed for geminally disubsti-
tuted alkenes (Table4). In the presence of pivalic
acid as activator, selective aminochlorination in favor
of the terminal amination is obtained (products Sa—
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Table 1. Aminochlorination of styrene: optimization of con-
ditions.

TsNNaCl (1) ¢l ikl
©/\ (1.2 equiv.) ©)\ or @
B ——
conditions NHTs cl
2a 3a 4a

Product Yield
[%]

Entry  Conditions

1 (CHyCI),, 50 °C, 12 h - -

2 t-BuCO,H (1.2 equiv.), (CH,Cl),, 50 °C, 12 h 3a 9%
3 t-BuCO,H (0.6 equiv.), (CH,CI),, 50 °C, 12 h 3a 45
4 t-BuCO,H (1.2 equiv.), (CH,Cl),, 25 °C, 12 h - -
5  CgHsCO,H (1.2 equiv.), (CH,Cl),, 50°C,12h  3a 92
6  EtzNHF (1.2 equiv.), (CH,Cl),, 50 °C, 12 h 3a 66
7 HF-py (1.2 equiv.), (CH,Cl),, 50 °C, 12 h 3a 77
8  CHsCOyH,50°C,12h 4a 64

Table 2. Aminochlorination of terminal alkenes.™
TsNNaCl (1) al
(1.2 equiv)

t-BuCO,H (1.2 equiv.),
(CH,Cl),, 50 °C, 12 h

m HTs mHTs mHTS

R=H: 3a(93%)F]
R=Cl: 3b (97%)

R
NHTs

R =CI: 3d (81%) R =NO,: 3f (87%)

R=F: 3e (84% R=F: 3g(93%
R=Br: 3c (80%) (64%) 9 (93%)
cl Cl cl
R NHTs NHTs NHTs
R=H: 3h(76%) 3k (58%) 31 (88%)
R =OMe: 3i (60%)
R = OAllyl 3j (58%)
Cl Cl
NC
n-CsH13
NHTs NHTs
3m (90%) 3n (82%)

2] Yields refer to isolated product after purification.
1 95-mmol scale.

5e), while the reaction in acetic acid furnishes the cor-
responding oxidation products 6a—6f from terminal
chlorination. The complete change in regioselectivity
is best illustrated by comparison of the products Sa
and 6a and Se and 6f, respectively.

The general features are also maintained for the
aminochlorination  of  1,2-disubstituted alkenes
(Table 5). Here, with pivalic acid both isomers 7a and
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Table 3. Aminochlorination of monosubstituted alkenes: in-
version of regioselectivity.?!

TsNNaCl (1)
Py (1.2 equiv.) NHTs
Ar N A: t-B f Ar
: t-BuCO,H (1.2 equiv.),
(CH,Cl),, 50 °C, 12 h Cl
2 or B: AcOH, 50 °C, 12 h 4
NHTs NHTs NHTs

o Q0 TNy

R
=H: 9 R=F: 4h(47%,B
e B0ED Y Rowdidls
(67%, B) R=Me: 4j(52%, B)
R = OMe: 4c (92%, A)
(77%, B)
R =t-Bu: 4d (72%, A) NHTs NHTs
R=Br. 4e (63%, B)
R=Cl  4f (77%, B) n-CeHig
o] Cl

4k (61% B)  41/3m (53%, B)P!

[l Yields refer to isolated product after purification.
] 3:1 regioisomeric mixture.

Table 4. Aminochlorination of 1,1-disubstituted alkenes.!

R TsNNaCl (1) Cl NHTs

(1.2 equiv.)
RN : FP‘\ or FP‘\

A: t-BuCO,H (1.2 equiv.),

(CH,Cl),, 50 °C, 12 h NHTs cl
2 orB:AcOH,50°C,12h 5 6
/©>\NHT5 /©>I\NHTS /©>‘\NHTS
a (87%, A b (76%, A c (75%, A
Cl cl

Br NHTs
NHTs

5d (76%, A) 5¢ (91%, A)

6b (51%, B)

O NHTs TsHN

;
Cl

g

6d (46%, B)

6¢ (57%, B)

6e (65%, B) 6f (32%, B)

[ Yields refer to isolated product after purification.

7b of B-methylstyrene undergo regioselective amino-
chlorination to a comparable product formation of 8a/
8a’ in a 4-5:1 diastereomeric ratio (entries 1 and 2).
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Table 5. Aminochlorination of 1,1-disubstituted alkenes.

TsNNaCl (1) cl
R/\"’ R (1.2 equiv.) _ R
A: t-BuCO,H (1.2 equiv.),
; (CH,Cl),, 50 °C, 12 h 8 NHTs
or B: AcOH, 50 °C, 12 h
Entry Substrate Conditions Product(s) Ratio Yield [@
cl cl
1 P A 51 88%
7a Ph + Ph
2 Ph/ﬁ A 8 NHTs 8 NHTs 4.1 89%
SO UU 4 < WU
“ NHTs NHTs
3 pX~ B 41 50%
7a Ph + Ph
4 P B 8pC 8b'Cl 71 57%
!l
Ph \ g
5 : 51 51%
7¢ ome ™ PP OMe +
8c NHTs cl
6 Ph™™ A 51 61%
Ph OMe
oM
7d © 8c” NHTs
"""""""""""""""""""" < I <
7 o NP A oS Py Ph 1.7:1 71%
7e gd NHTs g4~ NHTs
cl cl
8 o Ar : Ar Ar . o
ArSAT A AT A 2.5:1 67%
7 NHTs NHTs
(Ar=4Cl-CeHy) B¢ 8e’

NHTs NHTs
‘ Cﬁ Cﬁ 75%

10 @ A Q 50%

- 8g NHTs

OCI
11 H A
7 8h NHTs

[&l Isolated yield after purification.

54%

For acetic acid, the corresponding regioisomers of 8b/
8b’ in a 4-7:1 diastereomeric ratio are formed (en-
tries 3 and 4). For the cinnamic esters 7¢ and 7d the
regioselective aminochlorination provides the two
1,2,3-trisubstituted products 8¢/8¢’ in 5:1 dr (entries 5
and 6). Stilbenes 7e and 7f provide the corresponding
products in high yields, although with diminished dr
(entries 7 and 8), while aminochlorination of indene
again proceeds with the expected full regioselectivity
(entry 9). Finally, two aliphatic substrates, cyclopen-
tene 7h and 1,5-cyclooctadiene 7i provide amino-
chlorination products 8g and 8h as single diastereoiso-
mers.
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TsNNaCl (1) (4 equiv.)

HOACc, (CH2C|)2

7i 50°C, 12 h
EtyN, THF,
NHTs 65°C, 12h
9 (99%)

Scheme 2. Aminochlorination reaction of phenanthrene.

In addition to isolated alkenes, the aminochlorina-
tion of phenanthrene gave the expected oxidation at
C-9 and C-10 (Scheme 2). The corresponding product
8i is formed as a single diastereomer in 51% yield.
Treatment of the aminochlorination product with
base provides the expected re-aromatization to give
9-tosylamidophenanthrene 9 in quantitative yield. The
reaction can also be conducted as a one-pot sequence,
thereby formally resembling an aromatic C—H amina-
tion reacion.

While higher substituted alkenes usually constitute
a challenge for vicinal oxidation of alkenes, the pres-
ent protocols tolerates both tri- and tetrasubstituted
alkenes (Table 6). Here, a single regioisomer 11a was
formed under both reaction conditions A and B in
the oxidation of 3,3-dimethylstyrene (entries 1 and 2).
Again independent of the conditions, a single regio-
isomer is obtained as a 1:1-diastereomeric mixture in
the case of the aminochlorination of o,f3-dimethylstyr-
ene (entries 3-5), and consequently, 1-phenylcyclo-
hexene gives a single product 11c¢ (entry 6). Alkene
10e bearing three alkyl substituents again provides
a single isomer, albeit with low overall yield (entry 7).
Finally, the two tetrasubstituted alkenes 10f and 10g
form single regio- and diastereomeric products 1le
and 11f in 60 and 80% isolated yields, respectively
(entries 8 and 9), and the expected relative configura-
tion was confirmed from an X-ray analysis of 11£.['")

These entries demonstrate that with the successful
examples of aminochlorination on monosubstituted,
(E)- and (Z)-disubstituted, 1,1'-disubstituted, (E)- and
(Z)-trisubstituted and tetrasubstituted alkenes, all the
seven different alkene classes are within the substrate
scope. This is a particularly broad scope, which is only
common to the dihydroxylation of alkenes!"?! and
which should promote reliable applications in organic
synthesis.
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Table 6. Aminochlorination of tri- and tetrasubstituted

alkenes.

R’ TsNNaCl (1) cl
(1.2 equiv.)

' R'*;”:,
A t-BuCO,H (1.2 equiv), R R

R (CH,CI),, 50 °C, 12 h NHTs
10 or B AcOH, 50 °C, 12 h) 1
Entry Substrate Conditions  Product(s)  Yield [%]P]
NHTs
1 ph/\( A )\é 43 (91)
2 B Ph 30 (95)
10a 11a Cl
. NHTs . NHTs
3 Phjﬁ A Y 47 (92)
10b Ph" Y Ph
Cl Cl
4 o~ A 11b 11b° 43 (95)
S e B @batb=tn) 30 (98)
Ph Ph
5 @/ A NHTs 51
Cl
10d 11c NHTs
TohA e el
10e 11d Cl
TsHN
8 B : )5 60 (95)
10f 11 °
TsHN
Oy
9 &l 80

[ Tsolated yield after purification.
) Yields in brackets based on re-isolated starting material.

Based on control experiments (Scheme 3), the
Brgnstedt acid-mediated aminochlorination is sug-
gested to be an ionic process. The involvement of rad-
ical intermediates is ruled out on the basis of the a-
cyclopropylstyrene 2v, which forms a single product 41
without degradation of the cyclopropyl substituent.
Aminochlorination of the monodeuterated styrene
2a-d, reveals the formation of an equimolar mixture
of diastereomers. This loss of diastereoselectivity is
the consequence of the involvement of a cationic in-
termediate, which leads to diastereomeric equilibra-
tion at the benzylic position. For the observed cases
of internal alkenes, the independence of the product
configuration from the alkene geometry and the for-
mation of diastereomers are the consequences of such
intermediates.

Such stereochemical infidelity was also observed
when an attempt toward enantioselective amino-
chlorination® was carried out in the presence of
10 mol% of (DHQD),PHAL. Although a four-fold
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Phj 7\
(CH,Cl),, 50 °C, 12 h

2v orB:AcOH,50°C,12h  4m (A: 75%, B: 50%)

TsNNaCl (1)

b (1.2 equiv.) cl e
Ph" " £ BUCO,H (1.2 equiv.), Ph)\/
(CH,Cl),, 50 °C, 12 h D
2a-d, 3a-d, (75%, 1:1 dr)

Scheme 3. Control experiments.

rate enhancement was observed for the transforma-
tion of 2a into 3a, the latter one was isolated only in
racemic form.

Although the exact mechanistic context must await
further studies, we suggest the following two reaction
pathways to be involved (Figure 1). First, for simple
acid activation the neutral species TsNHCI will be
generated that provides an electrophilic nitrogen for
subsequent attack from a neutral, sterically non-hin-
dered alkene. This attack generates an aziridinium in-
termediate!'!! with certain stereochemical lability in
the case of the benzylic position. Recombination with

HTs Q\ /TOI ®CI
N 0™ NH @® NHTs
—> K / 3
PR S pr @ Ph
pathway
for neutral l
sterically
non-hindered Ph" X
alkenes Cl
NHTs
TsNHCI Ph)\/
pathway for RTX
more reactive and
sterically hindered | [HOAC]
alkenes, and for
reaction in AcOH
di
medium - OAc
RN ca NHTs
CI—NTs _ SN —
/S Cl
H R™ o R)\/
NHTs

Figure 1. Mechanistic proposal.
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TsNNaCl (1) 1) Me;OBF, (14), o TeMeN
i CH,CI siie
(1.2 equiv.) . %&I—/ﬂs TsNNaCl 2Clh : N
A: t-BUCO,H (1.2 equiv.), ph Cl 2) styrene PH NMeTs PH ClI
1 12 13

55%, (12:13 = 3:1)

Scheme 4. Aminochlorination reaction of styrene using an
activation through N-alkylation.

the chlorine anion results in regioselective amino-
chlorination product.

For more reactive and sterically more demanding
alkenes, the more accessible chlorine of TsNHCI will
serve as the electrophilie in the initial alkene attack.
The same should happen in acetic acid; with acetic
acid as reaction medium, partial protonation of the
nitrogen in N-chlorotosylamide through the acid net-
work should enhance the electrophilicity of the at-
tached chlorine atom. These reactions involve
a chloronium intermediate!"!! and will ultimately un-
dergo Markovnikov-type C—N bond formation.

Alternative to protonation, the electrophilic activa-
tion of chloramines-T also proceeds through alkyla-
tion. For example, treatment of chloramine-T with
Meerwein salt 14 followed by reaction with styrene
leads to a clean process of aminochlorination in 55%
yield (Scheme 4). The formation of N-chloro-N-meth-
yltosylamide as the reactive reagent was confirmed by
its independent isolation after step 1.

Conclusions

In summary, we have described conditions for an un-
precedented metal-free aminochlorination reaction of
alkenes, which is of experimental ease and can be
conveniently upscaled. The reaction is based on Brgn-
stedt acid activation of chloramine-T and provides an
unparalleled substrate scope, and its regioselectivity
can be switched according to the reaction condi-
tions.!””! It is a rare example of an alkene oxidation re-
action that is operative for all seven classes of alkenes
as substrates.

Experimental Section

Typical Procedures

Conditions A: A Pyrex tube equipped with a stirrer bar was
charged with 142 mg chloramine-T (0.50 mmol, 1.2 equiv.),
51 mg pivalic acid (0.50 mmol, 1.2 equiv.) and the alkene
(0.42 mmol, 1 equiv.) in 0.6 mL of absolute dichloroethane.
The solution was stirred at 50°C for 20 h. After cooling
down to room temperature, CH,Cl, was added and the resi-
due was washed with a saturated aqueous solution of
NaHCO;. The solvent was evaporated under reduced pres-
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sure and the crude product was purified by chromatography
(silica gel, n-hexane/ethyl acetate, 4/1, v/v) to give the pure
aminochlorinated product.

Conditions B: A Pyrex tube equipped with a stirrer bar
was charged with 240mg chloramine-T (0.84 mmol,
2.0 equiv.) and the alkene (0.42 mmol, 1 equiv.) in 0.6 mL of
AcOH. The solution was stirred at 50°C for 20 h. After
cooling down to room temperature, CH,Cl, was added and
the residue was washed with a saturated aqueous solution of
NaHCO;. The combined organic layers were extracted with
CH,Cl, (3x) and dried with Na,SO,. The solvent was re-
moved under reduced pressure and the crude mixture was
purified by chromatography (silica gel, n-hexane/ethyl ace-
tate, 4/1, v/v) to obtain the pure aminochlorinated product.
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