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Abstract: A visible-light photocatalytic generation of N-
centered hydrazonyl radicals has been accomplished for the
first time. This approach allows efficient intramolecular
addition of hydrazonyl radical to terminal alkenes, thus
providing hydroamination and oxyamination products in
good yields. Importantly, the protocol involves deprotonation
of an N—H bond and photocatalytic oxidation to an N-centered
radical, thus obviating the need to prepare photolabile amine
precursors or the stoichiometric use of oxidizing reagents.

N itrogen-containing heterocycles are ubiquitous in biolog-
ically active natural isolates and pharmaceuticals,!'! and have
also found broad application in chemical, medical, and life
sciences.”) The development of atom-economic and direct
synthetic approaches to these heterocycles has received
considerable attention. In this context, intramolecular
alkene hydroamination has been emerging as a versatile
method for the synthesis of structurally diverse N-hetero-
cycles.”! Despite impressive achievements in the field of
transition-metal-catalyzed hydroamination, the catalytic
modes, substrate scope, and functional-group tolerance of
this protocol are still limited.™ Therefore, the exploration of
new strategies and reagents to develop more efficient and
greener methodologies for the rapid assembly of N-hetero-
cycles is highly desirable. Given the functional-group com-
patibility and versatile reactivity of radicals, radical hydro-
amination involving neutral N-centered radicals should be
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a powerful and important platform for identifying new inter-
and intramolecular hydroamination by using suitable N-
radical precursors and radical initiators.”® In this regard,
both 1,3-diazaallyl radicals, derived from amidine by copper-
catalyzed oxidation,”! and hydrazonyl radicals, generated
from hydrazones by stoichiometric use of TEMPO or
azodicarboxylates, have proven to be valuable N-radicals
for intramolecular cyclization.“‘] To our knowledge, however,
direct catalytic transformation of the N—H bond of hydrazone
into an N-centered radical, and exploitation of such radical
species in hydroamination of alkenes remains largely unex-
plored.

Recently, visible-light photocatalysis has spurred exten-
sive research efforts because of its ability to generate various
reactive radical or ionic species, thus allowing the design of
new reactions proceeding under mild reaction conditions.’ In
this regard, three main activation modes for N-containing
molecules have been developed using such a catalytic strategy
(Scheme 1a), including: 1) direct oxidation of amines to the

a) Visible-light-induced activation of N-containing molecules
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Challenge: H-transfer from N- to C-centered radical is not an efficient process!

Scheme 1. Visible-light-induced photocatalytic activation of N-contain-
ing compounds and reaction design on N-centered radical.
Ts =4-toluenesulfonyl.

nitrogen radical cation A by the excited state of a photo-
catalyst;'¥ 2) further transformation of A into the iminium
ion B upon release of a hydrogen atom, and its trapping by
a wide range of nucleophiles;™! and, 3) further conversion of
A into the radical C after deprotonation.'’” Despite these
advances, little attention has been devoted to the application
of visible-light photocatalysis to the generation of neutral N-
centered radicals of the type D. Reaction design with such
radical species remain largely unexploited because of the
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requisite use of unstable precursors (e.g., N-halogen, N-
nitrosoamides) or tedious preparation procedure.’! More-
over, traditional methods involving high-energy UV irradi-
ation or high reaction temperature has also caused limitations
in functional-group tolerance and substrate scope.

Recently, the group of MacMillan reported an imidazo-
lidinone-catalyzed enantioselective a-amination of aldehydes
by using electrophilic N-centered radicals generated from
carbamate reagents by photocatalysis (Scheme 1a)."® San-
ford and co-workers developed a photocatalytic C—H amina-
tion of arenes using N-acyloxyphthalimides as N-centered
radical precursors."" In these processes, the incorporation of
a photolabile group as a handle for the amine substrates was
essential to the formation of the N-radical. Based on our
recent success in photocatalytic synthesis of heterocycles,!'”!
we hypothesized that the direct transformation of the N—H
bond into an N-centered radical by photocatalysis would
provide a new strategy for the hydroamination of alkenes.
However, realization of this concept would encounter a major
challenge in that H-atom transfer from an N- to C-centered
radical usually is not an efficient process.l'! Herein, we report
a photocatalytic entry to N-centered hydrazonyl radicals from
B,y-unsaturated hydrazones,'”! and show that this activation
mode leads to efficient intramolecular hydroamination reac-
tivity (Scheme 1Db).

Initially, we selected the fB,y-unsaturated hydrazone 1a as
a model substrate to test the feasibility of its intramolecular
hydroamination using [Ir(ppy),(dtbbpy)]|PF, as a photocata-
lyst under irradiation by an 18W white LED light (Table 1).
Gratifyingly, the reaction does indeed occur with Cs,CO; as
the base in CH,Cl, at room temperature, thus giving the
desired 4,5-dihydropyrazole 2a in 17 % yield (entry 1). The
structure of 2a was unambiguously confirmed by NMR
spectroscopy and X-ray diffraction analysis."® Encouraged by
this result, other reaction parameters were then extensively
investigated to improve the efficiency. A brief survey of
reaction media showed that the reaction in CHCl; gave rise to
a 40 % yield of 2a (entry 5), while DMF and DMSO only led
to low yields (entries 3 and 4). In addition, the effect of
photocatalysts on the reaction was also examined, and the
yield of 2a was dramatically improved to 57% with [Ru-
(bpy);]Cl, 6 H,O as the catalyst (entry9). Interestingly,
a screen of common inorganic bases identified NaOH as the
best of choice, thus affording 2ain 71 % yield, when using 3 W
blue LEDs as light source (entry 13). To confirm that the
observed reactivity was due to the visible-light photocatalytic
activation, some control experiments were performed. It was
found that the photocatalyst, base, and light source are all
critical to this transformation (entries 14-16).

Then, we investigated the scope of this N-radical hydro-
amination reaction by using a series of [,y-unsaturated
hydrazones. As shown in Table 2, substitution patterns and
electronic properties of the phenyl ring of the f3,y-unsaturated
hydrazones had no obvious influence on the reaction
efficiency. A range of f3,y-unsaturated hydrazones bearing
electron-donating and electron-withdrawing groups at either
the 2-, 3-, or 4-position of the aromatic ring underwent the
desired reaction smoothly to give the corresponding products
2b-k in 60-88 % yield. Notably, the hydrazones 1g and 1h,
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Table 1: Optimization for the photocatalytic N-radical hydroamination®®

Ts Ts
HN. N Photocatalyst (2 mol%) N-N
| Base (1.5 equiv) |
e .
"X 18 W white LEDs, solvent
RT,12h
1a 2a

(characterized by
X-ray crystallography)

Entry  Solvent Photocatalyst Base Yield [96]"!
1 CH,Cl, [Ir(ppy).(dtbbpy)]PF, Cs,CO, 17

2 MeOH [Ir(ppy),(dtbbpy)]PF Cs,CO, 26

3 DMF [Ir(ppy).(dtbbpy)]PF Cs,CO; 15

4 DMSO  [ir(ppy),(dtbbpy)]PFs  Cs,CO, <5

5 CHl, [Ir(ppy),(dtbbpy)]PF,  Cs,CO, 40

6 CH,CN  [Ir(ppy),(dtbbpy)]PF,  Cs,CO, 1

7 CHCl, EosinY Cs,CO, 43

8 CHl, [Ir(ppy),(dtbbpy)]PFs  Cs,CO, 54

9 CHCl, [Ru (bpy)s]Cly'6 H,0 Cs,CO, 57

10 CHcl, [Ru(bpy)s]Cly'6 H,0 K,CO, 68

11 CHCl, [Ru(bpy),]Cl,6 H,O NaHCO, 67

12 CHCl, [Ru(bpy)s]Cly'6 H,0 NaOH 71

130 CHcl, [Ru(bpy);]Cl, 6 H,O NaOH 74 (71)
14 CHCl, - NaOH trace
156 CHCl, [Ru(bpy);]Cl, 6 H,O - trace
16l CHCl, [Ru(bpy);]Cl,'6 H,0 NaOH trace

[a] Reaction conditions: Ta (0.2 mmol), photocatalysts (2 mol %), base
(0.3 mmol), solvents (3.0 mL), 18 W white LEDs, at room temperature.
[b] Determined by GC using biphenyl as an internal standard. [c] Using
3 W blue LEDs as the light source. Yield of isolated product given within
parentheses. [d] Without photocatalyst. [e] Without base. [f] Without
visible light irradiation. bpy =2,2"-bipyridine, dtbbpy =4,4'-di-tert-butyl-
2,2-bipyridine, ppy = 2-phenylpyridine, DMF = N,N-dimethylformamide,
DMSO =dimethylsulfoxide.

Table 2: Scope of photocatalytic N-radical hydroamination of f3,y-
unsaturated hydrazones."!

Ts [Ru(bpy)s]Cly'6 Hy0 (2 mol%) Ts
HN. NaOH (1.5 equiv) r\’—N
|
R)\/\ blue LEDs (450-460 nm), CHCly, RT R/K)\
1 2
Ts  2a R=4-Me, 71% yield 2g, R = 3-Br, 63% yield
N-N 2b, R=H, 80% yield 2h, R = 4-Br, 68% yield
I 2¢, R = 3-MeO, 68% yield 2i, R =4-F, 88% yield
N 2d, R = 4-Cl, 60% yield 2j, R = 3-F, 77% yield
R 2e, R = 2-Cl, 73% yield 2k, R = 4-CF3, 70% yield
e 2f, R =2,4-Cl,, 67% yield

Ts
[ Ts Ts
N-N , /,
| N-N N-N Ts
| | N-N
ph M _)—

2l: 76% yield 2m: 74% yield 2n: 84% yield 20: 62% yield

T
Ts _N °
Ts N-N '\’
Ph

2p: 69% yield 2q: 81% vyield 2r: 38% yield
(d.r. =1:1)

[a] Reaction conditions: 1 (0.3 mmol), [Ru(bpy);]Cl,-6 H,O (2 mol %),
NaOH (0.45 mmol), CHCl; (4.5 mL), 3 W blue LEDs (450-460 nm), at
room temperature for 12-16 h. [b] Yield is that of the isolated product.

having sensitive groups such as 3-Br and 4-Br substituents,
were also well tolerated and produced 2g (63%) and 2h
(68 %), respectively. Strong electron-withdrawing group such
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as CF; group can be present on the aromatic ring, thus
furnishing a 70 % yield of 2k. Moreover, the reaction also
proceeds efficiently with aliphatic hydrazones. The cyclohex-
yl-substituted hydrazone 11 proved to be suitable for this
reaction to provide 21 in 76% yield. An array of other
representative alkyl groups, such as isopropyl, fert-butyl,
benzyl, and phenylethyl groups, were tolerated under the
standard reaction conditions, thus giving 2m-q in 62-84 %
yield. The reaction with 1r, bearing geminal methyl groups at
the o-position also worked well to give 2r in 38 % yield.
According to the reaction design, a C-centered radical is
likely a key intermediate during the process, and might be
intercepted by radical quenchers. As expected, addition of
TEMPO (2.0 equiv) to the model reaction resulted in the
formation of 3a in 81 % yield (Table 3). This finding suggests

Table 3: Trapping of C-centered radical intermediates with TEMPO or
PhTeTePh: Preliminary scope study."!

Ts [Ru(bpy)slCly-6 Ho0 (2 mol%) Ts
HN. NaOH (1.5 equiv) N-N

N
| PO or PhTeTePh !
R1)\/\ TEMPO o PirTeTe 1k)_\R2

blue LEDs, CHCI3, degass R
1 3

Ts
N-N
U
X |
R O-N
=
3d: 95% yield
Ts Ts
N N-N -N
L /ij N,
O-N Ph 0-N TePh
Br

3e: 86% yield 3f: 56% yield 3g: 56% vyield

3a, R =4-Me, 81% yield
3b, R =3-MeO, 72% yield
3c, R = 3-Br, 62% yield

[a] Reaction conditions: 1 (0.3 mmol), TEMPO (0.6 mmol) or PhTeTePh
(1.2 mmol), [Ru(bpy);]Cl,-6 H,O (2 mol %), NaOH (0.45 mmol), CHCl,
(4.5 mL), 3 W blue LEDs (450-460 nm), at room temperature for 12—
16 h. [b] Yield is that of the isolated product. TEMPO =2,2,6,6-tetrame-
thylpiperidine-N-oxyl.

that the process does indeed involve radical intermediates. It
should also be noted that this reactivity provides an oppor-
tunity to develop photocatalytic oxyamination of olefins.
Thus, we quickly surveyed the scope of the reaction. The
hydrazones bearing electron-donating (4-MeQO) or electron-
withdrawing (3-Br) groups participated in the reaction
smoothly to give the products 3b (72%) and 3¢ (62%),
respectively. Importantly, tert-butyl, isopropyl-, and phenyl-
ethyl-substituted f3,y-unsaturated hydrazones can also
undergo the desired reaction efficiently, thus affording the
oxyamination products 3d and 3f, respectively, in 56-95 %
yield. When using PhTeTePh, the radical cyclization/inter-
molecular addition cascade proceeded well to produce 3g in
56 % yield.

To demonstrate the synthetic potential of this method-
ology, several transformations of 4,5-dihydropyrazole prod-
ucts were carried out. The Ts group of 2a can be easily
removed under basic conditions to give the pyrazole 4 in 96 %
yield (Scheme 2a). Moreover, the oxyamination product 3a
can be oxidized directly to the biologically important pyrazole
5 by mCPBA through a Baeyer—Villiger oxidation/elimina-
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a) Ts H
-N -N
r\’ NaOH (2.0 equiv) N/ P
MeOH, 90 °C, 6 h
2
a 4, 96% yield
b)

Ts

N‘N mCPBA (3 0 equiv) m Zn dust (6 0 equiv) N-N OH
/L/) CH,Clp, RT, 30 min R THF/CH,COHH,0 !
R (1:2:1), 50°C, 6 h
5, R = 4-MeCgH, 6, R = 4-MeCgH,
92% yield R =4 MeCeH4 78% yield

Scheme 2. Synthetic applications. mCPBA = m-chloroperbenzoic acid,
THF =tetrahydrofuran.

tion sequence. The N—O bond of 3a can easily be cleaved to
afford the alcohol 6 in 78 % yield (Scheme 2b).

To gain some insight into the mechanism, we first carried
out a series of luminescence-quenching experiments to
support the hypothesis that the (,y-unsaturated hydrazone
1a might be initially oxidized by the excited state of the
photocatalyst *[Ru(bpy)s]**.'*! Surprisingly, no decrease of
[Ru(bpy);]*" luminescence was observed by only adding 1a.
Based on studies from the group of Nicewicz on photo-
catalytic alkene hydrofunctionalization,™ the low oxidizing
power of the excited state of the photocatalyst *[Ru(bpy),]*"
rendered it unable to oxidize the terminal double bond of 1a
to the corresponding radical cation. Given the important role
of the base on the reaction, we conducted the luminescence
quenching experiments under basic conditions. A significant
decrease of [Ru(bpy);]*" luminescence was observed, and
suggested that the nitrogen anion of 1a quenched the excited
photocatalyst *[Ru(bpy),]**

The photocatalytic oxyamination of [3,y-unsaturated
hydrazones with TEMPO further indicated that the reaction
is a radical process and the C-centered radical was involved as
a key intermediate (Table 3). To identify the hydrogen source
of the desired product 2a, the model reaction of 1a was
performed in CDCl;. It was found that the reaction afforded
a mixture of 2a and 2a’ (1:1 ratio) in 23% combined yield
(Scheme 3). These results confirmed that CHCl; worked as

TS Ts
HN. [Ru(bpy)3]Cl26 HyO (2 mol%) N H
i NaOH (1.5 equiv) NI H
/@A/\ blue LEDs, CDCl, degass, 48 M.S., 12 h R
isolated in 23% yield 2a,R=H
2a/2a'=1:1 2a'R=D

Scheme 3. Deuterium-labeling experiment.

hydrogen source to facilitate the hydroamination process,
while the direct H-transfer from N—H to the C-based radical
is unfavorable.'®! The on-off light experiments also support
that a radical chain process is not the predominant pathway
under the reaction conditions.!'”)

Finally, a possible reaction mechanism was proposed
(Scheme 4). Deprotonation of the hydrazone 1 occurs under
basic conditions to affords the anionic intermediate A’. A
single-electron oxidation of A’ by the excited state of the
photocatalyst (*[Ru(bpy);]*") gives the N-centered radical B’
through a reductive quenching process. A 5-exo-trig cycliza-
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Scheme 4. Plausible reaction mechanism.

tion of B’ affords the C-centered radical C'. Subsequent H-
transfer from CHCI; to C' gives the product 2, together with
generation of trichloromethyl radical D’. The formed radical
intermediate D’ can regenerate the photocatalyst ([Ru-
(bpy),]*") through a single electron-transfer process.

In conclusion, we have developed a photocatalytic gen-
eration of N-centered hydrazonyl radicals from f3,y-unsatu-
rated hydrazones. This strategy provides efficient access to
intramolecular alkene hydroamination and oxyamination,
thus furnishing the corresponding 4,5-dihydropyrazoles in
good yields. We believe that this photocatalytic strategy will
find broad applications in nitrogen-containing molecule syn-
thesis. Further study on the reaction mechanism as well as
intermolecular variants is underway.?!!

Experimental Section

Representative procedure: 1a (0.3 mmol), [Ru(bpy);]Cl,6H,0
(0.006 mmol), NaOH (0.45 mmol), and dry CHCl; (4.5 mL) were
added to a 10 mL Schlenk flask equipped with a stirring bar. The
resulting mixture was degassed by using a freeze-pump-thaw proce-
dure (3 times). Then, the solution was stirred at a distance of about
5 cm from a 3 W blue LEDs (450-460 nm) at room temperature for
12 h. Upon the completion of reaction, as monitored by TLC, the
solvent was removed in vacuum. The crude reaction mixture was
purified by flash chromatography on silica gel (silica: 200-300; eluent:
petroleum ether/ethyl acetate (20:1-10:1) to provide product 2a as
a white solid in 71 % yield.
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Centered on N: A visible-light-induced
photocatalytic generation of N-centered
hydrazonyl radicals has been accom-
plished for the first time. This approach
allows efficient intramolecular addition of
hydrazonyl radical to terminal alkenes,
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thus providing hydroamination and oxy-
amination products in good yields.
Importantly, the protocol involves direct
N—H oxidation under mild reaction con-
ditions. Ts =4-toluenesulfonyl.
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