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Spectroscopic investigations discovered that the in-situ generated phenylhydrazone anion was signifi-
cantly bathochromically shifted to visible light region for photoactivation under irradiation. The photoex-
cited phenylhydrazone anion was potential to reduce aryl iodides via single electron transfer process for
the subsequent radical chain reaction. A redox-neutral photochemical carbonylation of aryl iodides was
developed on basis of the special spectroscopic features of phenylhydrazone anion. This protocol pro-
vided a convenient and efficient synthetic tool for accessing carbonylation products under redox neutral
conditions without the need of transition-metals.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The visible light-induced photochemistry provides effective and
powerful strategy for activation of organic molecules under mild
conditions [1-10]. This trend was boosted by the tremendous iden-
tification and use of a variety of ruthenium and iridium complexes
as well as organic dyes as photosensitizers for organic photosyn-
thesis [11-21]. The special spectroscopic behavior of photoexcited
organic anions has been reported more than half century ago
[22,23]. Upon deprotonation, the absorption spectra of an organic
anion is usually significant bathochromic shift, that provides the
opportunity to absorb visible light and act as particularly potent
electron donors from their photoexcited states [24-26]. Previous
investigations of organic anions spectroscopic mainly focused on
the hydrocarbon anions, which were generated under strong basic
conditions and were very unstable for the development of photore-
actions. Although only limited organic anions-based visible light-
induced photosensitizer have reported up to date, they have dis-
played as potent entrants in photochemistry [26-30]. The anionic
9-anthrolates were also established as an efficient photosensitizer
in the visible light-induced C-H carboxylation of (hetero)arenes
with CO, (Scheme 1A) [31,32]. Our research group developed
a phenolate derivative, 2,6-diisobutyl-4-phenylphenol (DBPP), as
powerful photosensitizer with estimated excited-state reducing po-
tential as low as —3.16 V vs. SCE, allowing the catalyzed reduction
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of aryl and alkyl chlorides and mesolytic cleavage of C-N and C-0O
bonds for the debenzylation (Scheme 1A) [33-35].

Hydrazones are highly important organic molecules because of
their versatile synthetic utility in organic chemistry [36-43]. They
serve as key building blocks or reagents in many chemical trans-
formations such as Bamford-Stevens olefination [44-47] or car-
bonyl umpolung [48]. Hydrazones are also used as sources for the
generation of nitrogen-centered radicals via oxidative deprotona-
tion electron transfer by combination with various photosensitiz-
ers [49,50]. The proton of hydrazine could be deprotonation un-
der basic conditions, thus enabling the possible bathochromic shift
to visible spectra. The N-tosylhydrazine-derived hydrazone anion
was firstly demonstrated for the direct photoactivation under sun-
light irradiation. However, due to the high reductive potential of
N-Ts-hydrazone anion, only oxidation by atmospheric oxygen was
reported and the generated radical was limited in the intermolec-
ular cyclization (Scheme 1B, left) [51,52]. Although the benzalde-
hyde hydrazone anion could not bathochromic shifted to visible
spectra, Li and coworkers discovered that adding iodobenzene into
the mixture generated a new absorption peak at 460 nm in UV-vis
absorption spectrometry by formation an electron donor-acceptor
(EDA) complex (Scheme 1B, right) [53].

Herein, we discovered that when the hydrazone was formed
by a phenylhydrazine with arylaldehyde, the generated phenylhy-
drazone anion significantly shifted to visible light spectra with-
out the need of formation EDA complex. Moreover, the photoex-
cited phenylhydrazone anion displayed strong reductive potential.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Shen, Y. Zhang, L. Zhang et al.

;0]

, @&v

1+2
1+2+CsOH
1+3
1+3+CsOH
—1 + 4
1+4+CsOH
——1]+§
1+5+CsOH

~
»n
1

~
o
1

Absorbance (a.u.)
n

o

Chinese Chemical Letters 35 (2024) 108742

1+2+CsOH
1+2+6+CsOH
=—1+3+CsOH
1+3+6+CsOH
——1+4+CsOH
1+4+6+CsOH
1+5+CsOH
w1+ 5+ 6 + CsOH
6

"~
°
1

Absorbance (a.u.)
o

o
L

0.5 4 0.5 4
\
0.0 r 0.0 v T v v 1
300 350 450 55! 400 450 500 550 600 650
Wavelenglh (nm) Wavelength (nm)
c) 0.06 7 d) 1.0 s
E,=-056V 2
1 R
" g8 Bt
0044 B g
3 £ 0
2 E L E L] o0 . 0.0 004 0.08
g éw ; 0.64 6] (mol/L)
= 4
o 2 =
E b ,: no 6 added
S0 wirrRTETad B4 o e
" Wavelength (o) - - = [6] = 0.02 mol/L
! E 6] = 0.03 mol/L
""0.c8 Z 024 6] = 0.04 mol/L
H
0.00 4
T r T T r 004 T T T T T 3
-1.0 09 0.3 0.7 046 05 500 55 600 650 700 750 800

Potential (V vs SCE)

Wavelength (nm)

Fig. 1. (a) UV-vis absorption spectra of DMSO solutions (10-4 mol/L) of aldehyde 1 with different hydrazines (2, 3, 4, and 5) with or without CsOH-H,0. (b) UV-vis absorption
spectra of DMSO solutions (10~4 mol/L) of aldehyde 1, different hydrazines (2, 3, 4, and 5), CsOH-H,0, with or without aryl iodide 6. (c) Electrochemical and spectroscopic
measurements of hydrazone (in-situ formed from aldehyde 1 and hydrazine 5). (d) Stern—Volmer fluorescence quenching experiment of hydrazone (in-situ formed from
aldehyde 1 and hydrazine 5) with p-iodotoluene 6. PhCHO (1), PANHNH, (2), 4-MeOPhNHNH, (3), 2,4,6-Me3-PhNHNH, (4), 2,4,6-iPr;-PhNHNH, (5), 4-MePhl (6).
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Scheme 1. Background and project synopsis of organic anion photosensitizers.

With advantages of these discoveries, the photoexcited phenylhy-
drazone anion was explored to serve as a photosensitizer for the
carbonylation of aryl halides through a SET process (Scheme 1C).
Previously, the coupling of aldehydes with aryl halides were mainly
achieved by transitional-metal catalysts [54-58]. This protocol of-
fers a mechanistically distinguished pathway under mild condi-
tions.

We observed that when phenylhydrazones, in-situ formed by
mixing benzaldehyde 1 with different phenylhydrazines (2-5),
were treated with CsOH-H,O, the corresponding spectra showed
significant bathochromic shifts with absorption at 400-450 nm
region (Fig. 1a, blue line). These phenomena indicated that
the phenylhydrazine-derived hydrazone itself could absorb visible

light. Moreover, we did not observe any changes in the ultraviolet-
visible spectrum after p-iodotoluene 6 was added to the solution
of the hydrazone anion (Fig. 1b, overlapped with the absorption of
the hydrazine anion). These results were different from Li's spec-
tra [53] about the formation of a ground-state EDA complex be-
tween the hydrazone anion with p-iodotoluene 6 [30,59-61]. Mea-
surement of the fluorescence emission of deprotonated hydrazone
under blue light irradiation showed that hydrazone anions were
photoexcited. The redox potential of the excited hydrazone anion
was estimated to be —2.93 V vs. SCE based on electrochemical and
spectroscopic measurements (Fig. 1c, with hydrazine 5, other hy-
drazines see Supporting information) [62,63]. According to the re-
ductive potentials of aryl iodides, we hypothesized that they were
able to be reduced to aryl radicals by the photoexcited hydrazone
via SET process. The hypothesis was supported from Stern-Volmer
quenching studies (Fig. 1d), in which the excited state of the hy-
drazone anion was effectively quenched by p-iodotoluene 6.

To test the feasibility of our hypothesis, we started investiga-
tion with phenylhydrazones, in-situ generated by condensation of
benzaldehyde 1 with different phenylhydrazines in DMSO, for the
proposed carbonylation. After CsOH-H,0 and p-iodotoluene 6 was
added, the resulting mixture was irradiated with two 20 W blue
light emitting diode (LED) lamps under argon for 24 h at room
temperature. After the p-iodotoluene 6 was consumed as moni-
toring by TLC, the mixture was continued stirring under air atmo-
sphere for additional 2 h. We found that when phenylhydrazine
2 was used for hydrazone formation, the carbonylation product 7
was isolated in 64% yield (Table 1, entry 1). Meanwhile, a p-tolyl-
derived hydrazine by-product, formed by addition of p-tolyl radical
to the benzene ring of phenylhydrazine, was identified. To avoid
the undesired competitive radical pathway, phenylhydrazines 3-5
with substitutions on ortho or/and para-position, the p-tolyl radi-
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Table 1
Phenylhydrazone anion-mediated photochemical carbonylation.?

phenylhydrazine

o | .
©)LH + \©\ base air “
Me blue LEDs, DMSO O O
Ar, rt., 24 h Me
1 6 7
R 2:R",R%L R3=H
NHNH, 3:R" R?=H, R®=OMe
4:R'R2 R®= Me
R® R? 5:R" R? R®=/Pr

Entry Phenylhydrazine Base Solvent Yield (%)°
1 2 CsOH-H,0 DMSO 64
2 3 CsOH-H,0 DMSO 70
3 4 CsOH-H,0 DMSO 69
4 5 CsOH-H,0 DMSO 82
5 5 KOH DMSO 76
6 5 NaOH DMSO 73
7 5 Cs,CO3 DMSO trace
8 5 DBU DMSO trace
9 5 TMG DMSO 31
10 5 - DMSO 0
11 5 CsOH-H,0 DMF 29
12 5 CsOH-H,0 MeCN trace
13 5 CsOH-H,0 DCM 0
14¢ 5 CsOH-H,0 DMSO 52
154 5 CsOH-H,0 DMSO 85
16¢ 5 CsOH-H,0 DMSO 0

2 General conditions: benzaldehyde 1 (0.20 mmol), hydrazine (0.24 mmol), p-
iodotoluene 6 (0.10 mmol), base (0.30 mmol) in solvent (1.0 mL, rigorously degassed
by freeze/pump/thaw) at 25 °C under irradiation of two LEDs (20 W, 455 nm) for
24 h, then exposure under atmosphere air for 2 h.

b Yields of isolated products.

¢ The ratio of benzaldehyde 1 and p-iodotoluene 6 was 1:1.

4 The ratio of benzaldehyde 1 and p-iodotoluene 6 was 3:1.

¢ In the dark.

cal addition sites, were then exploited (entries 2-4). The phenylhy-
drazine 5, which was substituted with tri-isopropyl groups on both
ortho and para-positions, exhibited the most efficient carbonyla-
tion with 82% yield. Other bases, such as KOH, NaOH, K,COs3, DBU,
and TMG, were also evaluated for the photochemical carbonyla-
tion (entries 5-9). Moderate yields were obtained when KOH and
NaOH were used as base, while no reaction occurred with K,CO3
and DBU. The generation of hydrazone anion was essential for
the photochemical carbonylation was further confirmed in the ab-
sence of any base (entry 10). Several solvents were also examined
for the efficiency and the DMSO was discovered as the optimal
solvent (entries 11-13). Decreasing the ratio of aldehyde 1 with
iodotoluene 6 from 2:1 to 1:1 resulted in much lower yield, while
increasing their ration to 3:1 slightly improved the yield (entries
14 and 15). The photochemical nature of the carbonylation was
supported by the controlled experiment which was conducted in
the dark (entry 16). A 2.0 mmol scale reaction was also investi-
gated to prove the practicality of the arylation reaction, obtaining
product 7 in 67% yield after 72 h.

With optimal conditions established, we then explored the
scope of aryl iodides for photochemical carbonylation. As shown
in Scheme 2, the aryl iodide with methyl group on ortho or para-
position gave moderated yields too (8 and 9). Meanwhile, iodoben-
zenes substituted with methoxyl group on the ortho-, para-, and
meso-positions were then examined under the photochemical con-
ditions (10—12). Besides the iodotoluene, the bromotoluene was
evaluated for the carbonylation, but resulting in much lower ef-
ficiency (12). Other ether and amine substituted substrates were
also conducted to deliver the carbonylation products in moderate
yields (13—-19). It was discovered that only 45% yield was achieved
for substrate with electron-withdrawing group (20). We reasoned
that the electron-withdrawing group might lower the activity of
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decomposition from hydrazone to ketone under air conditions. The
polycyclic aromatic iodides were then evaluated and found that
they were suitable substrates for the photochemical carbonylation
(21—-23). Furthermore, the reaction showed good tolerance towards
heterocycles, such as indole (24), benzofuran (25), benzothiophene
(26), and thiophene (27).

Subsequently, we extended the substrate scope to aryl alde-
hydes (Scheme 3). Under the standard conditions, the reaction
of iodobenzene with different alkyl substituents on the aryl ring,
including methyl (28), tert-butyl (29), and cyclopentyl moieties
(30), proceeded smoothly and gave the carbonylation products in
good yields. In addition, this photochemical protocol was also ex-
tended to various ether substituted aldehydes (31—33). Similarly,
the electron-withdrawing group were also unfavorable for the con-
version of hydrazones to ketones under air conditions (34 and
35). The hetero aromatic aldehydes and poly aromatic aldehydes
were effectively employed as suitable substrates for this trans-
formation and produced the corresponding products in moderate
yields (36—43). Benzaldehydes with azo-heterocyclic (pyrazole and
pyrrole) and hetero (amine and thioester) subsitutions were also
discovered to be tolerated with moderate yields (44—47). How-
ever, this protocol was not practical to aliphatic aldehydes because
the in-situ generated hydrazones did not bathochromically shifted
enough to visible light region.

To expand the synthetic value of this method, we investigated
the further chemical manipulation of synthesized carbonylation
products. A dehydrogenative cyclization occurred by heating ben-
zophenone 7 in the presence of Pd(OAc), and Ag,0 to deliver fluo-
renone 48 in excellent yield (Scheme 4A) [64]. In addition, the ke-
tone 8 was effectively transformed into the phenanthridine 50, an
additional structural motif that can be easily found in many natu-
ral products and bio-active compounds, through a one-pot cascade
cross-dehydrogenative-coupling/cyclization (Scheme 4B) [65].

The electrochemical and spectroscopic experiments have sug-
gested that the reduction of iodotoluene 6 (—2.35 V vs. SCE in
DMSO, Fig. S8 in Supporting information) by the excited hy-
drazone anion (-2.93 V vs. SCE in DMSO) was thermodynami-
cally feasible (Fig. 1c). Stern-Volmer quenching studies also re-
vealed that the excited state of the hydrazone anion was effec-
tively quenched by the iodotoluene 6 (Fig. 1d). To shed light on
the mechanism of this photochemical transformation, several con-
trolled experiments were then conducted. The addition of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) strongly inhibited the pho-
tochemical arylation reaction, revealing the radical pathway of this
protocol. Moreover, a TEMPO-trapped compound 51 was detected
by HRMS, indicating the involvement of tolyl radical in the reaction
(Scheme 5A) [66-69]. The generation of aryl radical was further
confirmed when the iodobenzene 52 was armed with an isopentyl
ether moiety. The exocyclic product 53 was obtained through a 5-
exo-trig radical cyclization (Scheme 5B) [70]. The radical coupling
intermediate 54 was detected by HRMS before the reaction mix-
ture exposure to air for conversion to ketone (Scheme 5C) [71-73].

Based on the above observations, a plausible mechanism is out-
lined in Scheme 6. The in-situ generated hydrazone A was depro-
tonated by CsOH-H,0 to produce the hydrazone anion A~. Under
the irradiation, a SET process occurred between the electronically
excited species A~* (Epred (A*/A=*) = —2.93 V vs. SCE) and the
iodotoluene 6 (E,™® = —2.35 V vs. SCE, Fig. S8 in Supporting in-
formation) to give the hydrazone radical B and p-tolyl radical an-
ion C, which was further converted to radical D after fragment.
The intermediate F, a tautomer of compound 54, might be formed
by direct coupling between the radical B and radical D. However,
measurement of the quantum yield of the reaction was found to
be @ = 4.06 (Supporting information), suggesting a radical chain
pathway involved. Therefore, it would be more reliable that p-tolyl
radical D added with another molecule of hydrazone anion A~ to
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give the radical anion E, which is a strong single-electron reduc-
tant (the oxidation potential of E was estimated by measuring the
reduction potential of 54, and a completely irreversible reduction
wave was detected for 54 with Ep™®d = —2.38 V vs. SCE in DMSO,
Fig. S9 in Supporting information). This cyclic voltammetry results

indicated that radical anion intermediate E could transfer an elec-
tron to iodotoluene 6 to regenerate p-tolyl radical D and propagate
the radical chain [74].

In summary, this study established a redox-neutral photochem-
ical carbonylation of aryl iodide by benzaldehyde at room temper-
ature. Phenylhydrazones, which were in situ generated by conden-
sation between benzaldehydes and phenylhydrazines, were firstly
discovered to absorb visible light and act as new photosensitizer
as well as reagent upon be deprotonated. Mechanistic studies re-
vealed that the photo-activated phenylhydrazone was able to re-
duce aryl iodide to aryl radical via SET process. The aryl radical
coupled with another molecule of phenylhydrazone anion to give
a hydrazone radical anion intermediate. This intermediate was re-
ductive enough to reduce another molecule of aryl iodide to aryl
radical, resulting a radical chain process in this photochemical car-
bonylation. This protocol offers a convenient and efficient synthetic
tool for accessing carbonylation products under redox neutral con-
ditions, without the need of any transition metals.
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