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ABSTRACT: Photoinduced N-internal vicinal aminochlorination of styrene-type terminal alkenes was developed. The reac-
tion proceeded without any catalyst, and the use of N-chloro(fluorenone imine) as both a photoactivatable aminating agent
and a chlorinating agent was essential. The imine moiety, introduced at the internal position of the alkenes, could be hydro-
lyzed under mild conditions to provide versatile $-chlorinated primary amines, the synthetic utility of which was demon-

strated by several transformations.

Nitrogen-containing molecules are ubiquitous in natural
products and artificial functional molecules. Hence, the de-
velopment of a useful reaction that enables installation of
nitrogen atoms on simple and readily available feedstock
materials to provide valuable building blocks has been a
long-standing research subject in synthetic organic chemis-
try. Vicinal chloroamines are attractive targets that serve as
competent platform compounds, taking advantage of the re-
activity of the alkyl chloride moiety.! One of the most pow-
erful methods for preparing vicinal chloroamines is the ami-
nochlorination of readily available alkenes.2 Important pro-
gress toward this transformation has been made in the past
decade with metal catalysts? and photocatalysts.* Neverthe-
less, the nitrogen sources for the reaction have been mostly
limited to those leading to protected amines, which are dif-
ficult to deprotect under mild reaction conditions. Hence, a
mild and convenient method for aminochlorination of al-
kenes giving non-protected amines or amines with readily
cleavable N-protecting groups is highly demanded. In this

context, Morandi reported an iron-catalyzed aminochlorin-
ation of alkenes affording non-protected vicinal chloroam-
ines (Scheme 1a).> An O-pivaloylhydroxyamine and an al-
kali metal chloride were used as nitrogen and chlorine
sources, respectively. Guan, Bi, and Fu employed N-chloro-
amines as both nitrogen and chlorine sources for copper-
catalyzed aminochlorinations directed by an 8-aminoquin-
oline amide group (Scheme 1b).¢ Leonori developed a pho-
toinduced aminochlorination with direct use of various
amines (Scheme 1c).” An in situ generated protonated N-
chloroamine reagent acted as the active species in this reac-
tion. These reactions all introduce a nitrogen atom at the
terminal position. A vicinal aminochlorination installing an
amino group at the internal position was achieved using
electrophilic N-chloroamine-based reagents. However, the
protecting groups on the nitrogen atom were difficult to re-
move.8 Herein, we report visible-light-induced aminochlo-
rination of styrene-type alkenes with a fluorenone-derived
N-chloroimine reagent® (Scheme 1d). An imino group was



introduced at the internal position of the alkene, and the hy-
drolysis of the imine moiety proceeded under mild condi-
tions to give the corresponding primary amine. Importantly,
no catalyst was required, and the reaction was promoted
only by visible light irradiation.

Scheme 1. Various aminochlorinations of alkenes for
the preparation of non-protected amines
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Our reaction design for the N-internal vicinal aminochlo-
rination of terminal alkenes is as follows. An N-chloro-
ketimine prepared from an aromatic ketone with an ex-
tended m-system would be photoexcited by visible light ir-
radiation. Subsequent homolysis of the N-CI bond via the
excited state of the N-chloroimine would enable simultane-
ous generation of an N-centered iminyl radical and a Cl rad-
ical. Since simple alkenes are prone to react with electro-
philic radicals, the highly electrophilic Cl radical would re-
act preferentially in the presence of the nucleophilic N-cen-
tered iminyl radical.’® The Cl radical addition would pro-
ceed at the terminal position of the alkene rather than the
internal position, generating a stable internal carbon radical.
The carbon radical would couple with the N-centered iminy]l
radical to furnish the internal amine product. Finally, hy-
drolysis of the installed imine moiety would occur under
mild conditions to provide the corresponding primary
amine.!!

Since the synthesis of N-chloroketimines relies on the ox-
idation and chlorination of the corresponding free amines
(Scheme 2a),'? structural diversity was limited by the

availability of the amines. To have a broad scope of the N-
chloroketimines, we envisaged their synthesis from readily
available ketones via the formation of unprotected imines
followed by N-chlorination. With this in mind, a new
method for the synthesis of fluorenone-derived N-
chloroimine 2a was developed. Thus, Sc(0Tf)s-catalyzed
imine formation using hexamethyldisilazane (HMDS, 1.1
equiv) as a nitrogen source!3 was followed by N-chlorina-
tion with 0.4 equivalent of trichloroisocyanuric acid (TCCA)
to afford N-chloro(fluorenone imine) 2a in 93% yield in a
one-pot process (Scheme 2b). Scale-up to 10 mmol was pos-
sible without a decrease in the yield, albeit with a longer re-
action time for the N-chlorination step. Dimethylanthra-
cenone was also reactive to afford 2b in 63% yield. Alt-
hough xanthone was less reactive than fluorenone and di-
methylanthracenone, the corresponding N-chloroketimine
(2c) was obtained in good yield by stirring for 72 h at 110
°C with 2 equiv of HMDS for imine formation and subse-
quent N-chlorination using 0.7 equiv of TCCA.

Scheme 2. Synthetic methods for N-chloroketimines

a) Typical N-chloroketimine synthesis
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aKetone (1 mmol), Sc(0Tf)s (0.05 mmol), HMDS (1.1
mmol), PhCl (1 mL), 90 °C; TCCA (0.4 mmol), CH2Clz2, room
temperature. 10 mmol scale. ‘Heated to 110 °C in a sealed
tube with HMDS (2.0 mmol) for imine formation, with TCCA
(0.7 mmol) for N-chlorination.

Next, vicinal aminochlorination was investigated with
1,1-diphenylethylene as an alkene substrate under blue
LED irradiation (Table 1). Photolabile N-chloro(fluorenone
imine) (2a)? provided desired vicinal aminochlorination
product 3a in 64% yield along with vicinal dichlorination
product 4ain 17% yield (entry 1). In addition, a fluorenone
azine was detected in the crude mixture, suggesting the gen-
eration of N-centered iminyl radical. On the other hand, an-
thracenone-type (2b) and xanthone-type (2c) N-
chloroimines were barely reactive, giving 3b and 3c, re-
spectively, in low yields (entries 2 and 3). A bicyclic deriva-
tive, N-chloro(tetralone imine) 2d, also showed low reactiv-
ity, giving 3a in only 16% yield (entry 4). N-Chloroimines
with flexible carbon frameworks, such as benzophenone-
type (2e) and acetophenone-type (2f) N-chloroimines,
were totally unreactive (entries 5 and 6).



Table 1. Optimization of aminochlorination.?

R2
RR<
blue LED Ph Cl
Ph 'N +
cl
Ph/& \’[‘r‘u oA, ppXC P
1a 3 4
(2 equw)
entry 2 yield (%) of 3 yield (%) of 4
1 2a 64 17
2 2b 13 9
3 2c 8 10
4 2d 16 5
5 2e 0
6 2f 0 0
~Cl ~Cl ~Cl
2d 2e 2f

21a (0.1 mmol), 2 (0.2 mmol), CH2Clz (0.05 M), blue LED,
12 h. Yields were determined by 'H NMR analysis using tet-
rachloroethane as an internal standard.

The critical effect of the fluorene scaffold of N-
chloroimine was ascribed to its photo-absorption ability. In
fact, the UV-Vis spectrum of 2a showed significant absorp-
tion in the blue LED emission range, while those of the other
N-chloroimines showed much less or no absorption in the
same region (Figure 1).

Figure 1. UV-Vis spectra of 2 and emission spectra of
blue LED“
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aJV-Vis spectra of 2 in CHzCl2 (3 mM).

Using 2a as the optimum aminochlorination reagent, the
scope of alkenes was investigated (Scheme 3). After the
photoinduced aminochlorination, crude materials were hy-
drolyzed to the corresponding primary amine-HCI salts.
When necessary, purification was conducted using a re-
versed-phase (C18) HPLC column under 0.1% agq.
TFA/MeCN eluent conditions to provide the products as
TFA salts. The product 5a derived from 1,1-diphenyleth-
ylene 1a was isolated without HPLC purification in 68%
yield as the HCI salt. The reaction at the 1 mmol scale pro-
ceeded in 47% yield. Although a 4-methyl substituent on the

benzene ring was tolerated (5b, 57% yield), an electron-do-
nating 4-methoxy substituent significantly decreased the
yield (5¢, 11% yield). p-Chloro and fluoro substituents were
competent to afford the corresponding products in good
yields (5d, 55% yield; 5e, 72% yield). a-Methylstyrene 1f
also reacted to give 5f in 43% yield. Aminochlorination of
monoaryl styrene derivatives also proceeded under the re-
action conditions albeit with generally lower yields. The re-
action tolerated various substituents at the para position of
the aryl group including electron-donating tert-butyl (5h,
42% yield) and methoxy (51, 30% yield) groups, electron-
deficient chloro (5§, 34% yield) and phenyl (5k, 29% yield)
groups, and a potentially reactive chloromethyl group (5],
34% yield). On the other hand, an ortho-methoxy substitu-
ent (5m) decreased the yield to 18%. Methyl or phenyl sub-
stituents at the 3-position of the styrene were compatible,
affording the products with moderate diastereoselectivities
(5n, 39% yield, dr 6.0:1; 50, 35% yield, dr 7.3:1 from trans-
stilbene and 3.7:1 from cis-stilbene). A cyclic substrate, in-
dene 1p, afforded the product 5p with high trans-selectivity
(33%yield, dr 16:1). However, when allylbenzene was used
as an aliphatic alkene, only trace amount of the product was
observed.

Scheme 3. Substrate Scope
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21 (0.3 mmol), 2 (0.6 mmol), CH2Cl2 (0.05 M), blue LED,
12 h. Yields of isolated products. ?Isolated as HCI salt with-
out HPLC purification. €1 mmol scale.

To assess the reactivity of the obtained aminochlorina-
tion products, transformations of 5h were examined
(Scheme 4). First, Boc and Cbz groups were introduced to
the nitrogen atom in good yields without affecting the C-Cl
bond. Second, an oxazoline (7) was produced by a two-step
acylation-cyclization procedure in 59% overall yield.



Scheme 4. Transformations of chloroamine 5h
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2Boc20 (2 equiv), NEts (2.2 equiv), CH2Clz, rt, 17 h, 72%
yield; ?CbzCl (2 equiv), NaHCO3 (2 equiv), THF, 0 °C, 15 min,
55% yield; cAcz20 (3 equiv), NEts3 (3.5 equiv), THF, rt, 1.5 h,
74% yield; INEts (2 equiv), TBAI (0.5 equiv), THF, 80 °C, 7 h,
80% yield.

To obtain mechanistic insights, DFT calculations were
performed using the Gaussian 16 C.01 package!* at the
UwB97X-D/6-31+G(d,p)/SMD(DCM) level of theory (Figure
2). First, the photoinduced N-Cl scission was assessed (Fig-
ure 2a). The N-Cl bond of the optimized structure of triplet
state 2a*, which would be generated through photoexcita-
tion and intersystem crossing, is oriented perpendicular to
the n-plane of the fluorene backbone. The N-Cl homolysis
from 2a* proceeded through TS as an essentially barrier-
less process (0.1 kcal/mol), and an N-centered iminyl radi-
cal (A) and a chlorine radical (B) were generated in a
slightly exergonic process (-1.5 kcal/mol relative to 2a*).

The addition of the Cl radical (B) to styrene (1g) proceeds
in a barrierless manner to produce chloromethylated ben-
zyl radical (C), while the addition of the iminyl radical (A)
requires 20.4 kcal/mol to afford an aminomethylated ben-
zyl radical (D) (Figure 2b). The requirement of higher en-
ergy for the iminyl radical addition than that for the Cl rad-
ical addition is consistent with our reaction design, in which
the electrophilic Cl radical was expected to react preferen-
tially in the presence of the nucleophilic N-centered iminyl
radical. For the subsequent process, we examined two path-
ways that incorporate the imine moiety at the benzylic po-
sition. One is radical-radical coupling between the benzyl
radical C and the iminyl radical A to produce 3g in a highly
exergonic manner. For this process, we failed to locate a
transition state as expected due to the general difficulty of
computations for radical-radical coupling processes. The
other possibility is attack of the radical center of C at the ni-
trogen atom of 2a. The corresponding transition state (TS2)
is 20.2 kcal/mol higher in Gibbs free energy relative to C,
and subsequent elimination of the Cl radical (B) proceeds
via a transient fluorenyl radical (E) to propagate a radical
chain process. It should be noted that the addition of C to 2a
can happen at the Cl atom to produce 4g through TS3 (1.3
kcal/mol higher in Gibbs free energy relative to TS2). Since
vicinal dichloride side product 4g was obtained in meaning-
ful amounts in the experiments, the C-Cl bond formation
process at the benzylic position should be competitive with
the C-N bond formation process. Although the radical chain
process requires higher energy than the radical-radical cou-
pling process, the former process cannot be excluded con-
sidering that 2a was present in much higher concentration
than iminyl radical (A).

Figure 2. Energy diagrams for (a) radical generation
and (b) radical addition to styrene.
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In summary, we have developed an N-internal vicinal
aminochlorination of terminal alkenes using N-chloro(flu-
orenone imine) as both aminating and chlorinating agents.
The reaction does not require any catalyst, and only visible-
light irradiation is necessary for the reaction. This simple
protocol introduces an imine moiety at the internal position
exclusively and affords the corresponding free primary
amines after imine hydrolysis under mild conditions. Func-
tionalization of the amino group and transformation of the
alkyl chloride moiety were possible, demonstrating the po-
tential utility of the products.
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