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derivatives with carboxylic acidst
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The alkylamination of alkenes using pristine carboxylic acids was achieved by the photoexcitation of
(diarylmethylene)amino benziodoxolones (DABXs), which serve as both an oxidant and an aminating
reagent (an iminyl radical precursor). The developed method is a simple photochemical reaction without
the need for external photosensitizers and shows a broad substrate scope for aliphatic carboxylic acids
leading to the formation of primary, secondary, and tertiary alkyl radicals, thus enabling the facile
synthesis of various structurally complex amines. Mechanistic investigations including transient
absorption spectroscopy measurements using a laser flash photolysis (LFP) method disclosed the unique
photochemical reactivity of DABXs, which undergoes homolysis of their I-N bonds to give an iminyl
radical and ortho-iodobenzoyloxy radical, the latter of which participates in the single-electron oxidation

rsc.li/chemical-science of carboxylates.

Introduction

Nitrogen-containing organic molecules are an important class
of compounds that have wide applications in organic synthesis,
medicinal chemistry, and material science. Therefore, the
development of simple and efficient methods for the synthesis
of such compounds is an important research topic. The inter-
molecular carboamination of readily available alkene feed-
stocks, in which C-C and C-N bonds are formed
simultaneously, is an attractive strategy for the rapid synthesis
of structurally complex amines.* Although the transition-metal-
catalyzed non-annulative carboamination of alkenes, mainly
aryl- and alkenylamination, has been successfully developed in
this area,>” the method of alkylamination has rarely been
explored even though it would further expand the utility of
carboamination for the synthesis of various nitrogen-
containing organic molecules.**?

A strategy involving alkyl radical species has emerged as
a useful approach for the alkylamination of alkenes (Scheme
1a).® Early examples of such reactions required the use of
structurally specific alkyl radical precursors such as alkyl
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nitriles,” a-halocarbonyl compounds,” and perfluoroalkyl
halides™ (Scheme 1b). Although alkylborane derivatives have
recently been utilized as alkyl radical precursors,">** they still
lack availability and versatility in terms of introducing the
desired alkyl group. As a general alkyl radical precursor,
aliphatic carboxylic acids are highly attractive because they are
stable, non-toxic, and ubiquitous in Nature.' Despite these
advantages, due to their relatively high redox potential, the
difficulty of selectively oxidizing carboxylic acids to generate
alkyl radicals in the presence of more readily oxidized amines
prevents their direct use in alkylamination reactions. Therefore,
existing methods rely on the use of preactivated carboxylic acid
derivatives with a higher oxidation state. For example, alkyla-
mination reactions using diacyl peroxides' or redox-active
esters* through a single electron reduction by a transition
metal or a photoredox catalyst have been reported. Most
recently, an elegant reaction system was reported by Glorius, in
which a bifunctional oxime ester serves as both an alkyl radical
and a nitrogen-centered radical through a photo-induced triplet
energy transfer mechanism."””*®* However, these methods
require additional steps for the preparation of alkyl radical
precursors, which reduces the efficiency of the net reaction, and
the use of appropriate catalysts. In order to realize a more
straightforward alkylamination using pristine carboxylic acids,
a new strategy employing a suitable aminating reagent and an
oxidant that allows single-electron oxidation of carboxylic acids
should be explored (Scheme 1c).

Our group previously developed (diarylmethylene)amino
benziodoxolones (DABXs) as a unique oxidative aminating
reagent that functions as a single-electron oxidant as well as an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Radical alkylamination of alkenes initiated by carbon-
centered radicals.

iminyl radical source. Accordingly, we envisioned that DABXs
would be promising bifunctional reagents that could oxidize
a carboxylate and simultaneously generate an alkyl radical and
an iminyl radical species, which would then participate in the
regioselective alkylamination of alkenes (Scheme 1c). Herein,
we report on a new types of reactivity of DABXs that proceeds
under conditions of photoirradiation, enabling the intermo-
lecular alkylamination of styrene derivatives with simple
carboxylic acids. The developed photochemical reaction
proceeds effectively without the need for external
photosensitizers.

Results and discussion
Reaction development

Our initial efforts focused on the alkylamination of methyl 2-
(p-tolylacrylate (1a) with 1-methylcyclohexane-1-carboxylic
acid (2a) and DABX 3a in DMSO in the presence of K,COj3
(Scheme 2). However, the target reaction without irradiation
did not proceed well even under the heating conditions
(entries 1 and 2). Indeed, a cyclic voltammetry (CV) measure-
ment of 3a indicated that the reduction potential of 3a
(—1.52 V vs. SCE in CH,Cl,)"“ is not sufficient to oxidize the
carboxylate (ca. +1.2 V vs. SCE). We then turned our attention

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the photoirradiation conditions because photoexcited
molecules generally behave as a better oxidant (reductant)
than those in the ground state.> Waser recently reported that
the excitation of ethynylbenziodoxolones (EBXs) with visible
light increases their oxidation ability.*' The UV-vis spectrum of
3a (0.05 M in DMSO) was then measured, and the results
showed a weak absorption in the visible light region. Based on
this result, the use of a violet LED (390 nm) was examined,
and, under these conditions, the alkylamination proceeded
efficiently to give the desired 4 in 82% yield (entry 3). A brief
screening of the wavelength of the light source revealed that
the yield of 4 increased to 92% when a blue LED (467 nm) was
used (entry 4), while the use of a green LED (525 nm) resulted
in a very low yield of the product (entry 5). It should be noted
that the present alkylamination features a photosensitizer-free
reaction.

The reaction conditions including bases, solvents, and
aminating reagents were then surveyed (Table 1). The alkyla-
mination reaction also proceeded with almost the same effi-
ciency when Na,CO; and Cs,CO; were used instead of K,CO;
(entries 2 and 3). In the absence of K,COj;, the yield of the
product was significantly decreased, indicating that the
formation of a carboxylate is necessary to promote the reaction
(entry 4). Examining the reaction in other polar solvents showed
that DMSO was suitable for this alkylamination (entries 5 and
6). Other oxidative aminating reagents were also investigated.
The use of the benziodoxole-based reagent 5 resulted in the low
efficiency, suggesting the importance of a benziodoxolone
scaffold in 3a (entry 7). The O-aryl oxime 6 was also found to be
unsuitable for this reaction (entry 8).>* The use of the oxime
ester 7 and the O-sulfonyl oxime 8, which are used as electro-
philic aminating reagents,* failed to afford the target product
(entries 9 and 10).

Ph
coH Ph— K,COs
CO,Me . N N—I|—O (1.0 equiv)
Ar o DMSO (2mL)
(Ar = 4-Me-CgH,) 12h
12 (02 mn:o?) 2a (1.0 equiv) visible light
’ 3a (1.2 equiv)
i
UV-vis spectrum of 3a Ph N =
100 - Ar hg®
,Me !
4
s X-ray
Ig & Entry Light source Yield (%)
s 1 woLEDs
© 2 WwolLEDsat60°C 7
3 violet LEDs? 82
0 b
350 400 450 500 550 4 blue LEDs 92
5 green LEDs® <5

wavelength (nm)

Scheme 2 Initial studies on the alkylamination. Under the light irra-
diation conditions, the reaction temperature within the reaction vial
was maintained around 27 °C. (Left bottom) UV-vis absorption spec-
trum of 3a (0.05 M in DMSO). ? Kessil PR160L 390 nm (max 40 W).
b Kessil PR160L 467 nm (max 40 W). € Kessil PR160L 525 nm (max 40
W).
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Table 1 Survey of bases, solvents, and aminating reagents”

Ph
COzH KoCO3
/CQQMe 2 3 (1.0 equiv) Ph/&N
+ + a - 5
Ar (1.2 equiv) ~27D'°V'CS?2 LA
(Ar = 4-Me-CgHy) ) ' CO,Me
1a 2a (1.0 equiv) blue LEDs 4
the standard conditions
Ph Ph Ph
Ph Ph Ph—
N—I—0O N—I|—0O N—O NO,
CF3
© CFy <\ >
3 5 6
2 NO,
F3C
Ph FiC O CF,
Ph
o )
N—OTs
7 FyC 8
Entry Variation from the standard condition Yield” (%)
1 None 92 (84)°
2 Na,CO; instead of K,CO; 92
3 Cs,CO; instead of K,CO; 87
4 Without K,COj; 18
5 MecCN instead of DMSO 32
6 DMF instead of DMSO 78
7 5 (1.0 equiv.) instead of 3a 17
8 6 (1.0 equiv.) instead of 3a 15
9 7 (1.0 equiv.) instead of 3a 0
10 8 (1.0 equiv.) instead of 3a 0

“ Reactions were performed on a 0.2 mmol scale (0.1 M) under
irradiation using Kessil PR160L 467 nm (max 40 W). The reaction
temperature within the reaction vial was maintained around 27 °C.
b Determined by 'H NMR analysis of the crude product using 1,1,1,2-
tetrachloroethane as an internal standard. ©Isolated yield on
a 0.4 mmol scale.

Substrate scope and synthetic utility

With the optimized reaction conditions in hand, the scope of
alkylamination was next explored (Scheme 3). In initial experi-
ments, a series of 2-arylacrylates bearing both electron-donating
and electron-withdrawing groups on the aryl moiety were sub-
jected to the alkylamination, and all of the reactions proceeded
effectively to afford the corresponding products in good to high
yields (Scheme 3A, 9-16). Several functional groups including
halogens (9-12) and a trifluoromethyl group (14) on the
aromatic ring were well tolerated. The presence of a substituent
at the ortho and meta-positions had little effect on the reaction
efficiency in the formation of 17 and 18, respectively. Substrates
bearing a 3,4-methylenedioxyphenyl group also readily partici-
pated in the alkylamination (19). These reactions using 2-ary-
lacrylates as substrates provided unnatural o-amino acid
derivatives containing o-tertiary carbon centers, which are
otherwise difficult to access. In addition, an a,B-unsaturated
ketone (20), 1,1-di(hetero)arylethenes (21 and 22), and styrene
derivatives (23 and 24) were also applicable for use in this
alkylamiantion.
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Subsequently, the scope of carboxylic acids for the alkyla-
mination was then investigated (Scheme 3B). A wide range of
carboxylic acids bearing an a-quaternary carbon center could be
applied to the present alkylamination, thus allowing the intro-
duction of bulky alkyl groups (25-28). A carboxyl group on the
aromatic ring was found to be inert toward decarboxylation
under the oxidative conditions, leading to the chemoselective
formation of 28. Notably, three-dimensional scaffolds with
carbon skeletons such as adamantyl (29), bicyclo[2.2.2]octyl
(30), cubyl (31), and bicyclo[1.1.1]pentyl (32) groups, which are
of great interest as bioisosteres of the phenyl ring in medicinal
chemistry,* could be successfully introduced. Substrates con-
taining oxa and aza-heterocycles were also well tolerated (33 and
34). An a-NHBoc (35) and an a-hydroxy (37) carboxylic acids
could also be used as alkylating reagents, and using the latter
provided y-lactone 36 through an intramolecular cyclization of
the alkylaminated product 37. The synthetic utility of this
alkylamination was also demonstrated by a gram-scale
synthesis of 35 without any loss of yield (1.21 g, 84%).
Furthermore, carboxylic acids leading to secondary and primary
alkyl radicals were compatible with the alkylamination, allow-
ing the introduction of various alkyl groups including five and
six-membered heterocyclic scaffolds (38-45). In particular, the
product 43 with an unprotected hydroxy group was synthesized
by using r-serine. Finally, the scope of DABXs was surveyed
(Scheme 3C). Derivatives containing electronically varied imine
moieties could be used to deliver the corresponding products
46-51, indicating that this alkylamination was not significantly
influenced by the electronic property of the (diarylmethylene)
amino group albeit the yields were somewhat lower for reac-
tions using electron-rich reagents (48 and 49). An unsymmet-
rical (diarylmethylene)amino group could also be introduced
(51).

To further expand the scope of the alkylamination, the
method was applied to electron-deficient alkenes. The reaction
using acrylonitrile as a substrate under the standard conditions
resulted in the production of only trace amounts of the target
product. A brief screening of solvents and bases revealed that
the use of acetone and KOAc could promote the alkylamination
(Scheme 4). The reaction of acrylonitriles with 21 and 3a in the
presence of KOAc in acetone under irradiation conditions pro-
ceeded effectively, affording 52 and 53. The use of a violet LED
(390 nm) instead of a blue LED (467 nm) was able to signifi-
cantly shorten the reaction time. In addition, acrylates were also
subjected to alkylamination to afford the corresponding amines
54 and 55 in moderate yields. These results further extend the
utility of the present alkylamination method for the synthesis of
various nitrogen-containing organic molecules. However,
simple aliphatic alkenes are unsuccessful substrates,* probably
due to the slow rate of the addition of alkyl radicals to aliphatic
alkenes.?®

The synthetic utility of the present alkylamination was
further highlighted by the derivatization of the products
(Scheme 5). The facile transformation of the (diphenyl-
methylene)amino group of the product was demonstrated by
acid hydrolysis and hydride reduction of the crude product of
25, affording a-amino ester 56 and diphenylmethylamine 57,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06090j

Open Access Article. Published on 12 December 2023. Downloaded on 12/5/2025 1:03:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
Ar
Ar ‘ Ar
/1 . )CL . N—I|—O K5CO3 (1.0 equiv) AN
Ar R~ “OH o DMSO,~27°C,12h )“/R’
. blue LEDs Ar
1 2 (1.0 equiv) R
3 (1.2 equiv)
A scope of alkenes

F 9, 92%

Cl 10, 77% th
B

|

Ph Ph
A r 1,75% Ph/g N Ph/g N Ph/J§ N
12, 72%
X=0OMe 13,80% 0
CO,Me X=CF, 14 74% CO,Me CO,Me 4 COMe
X (9)

X=Ph 15, 88%

T
=
=z
X X X X

X=H 16, 50% 17,71% 18, 79% 19, 70%
Ph Ph Ph ) F‘h
Ph/& N Ph/g N ’ )
Q/@ Q/KXNHBOC
7P 773
20, 67% (82%)? - ;9% 20, s5h - 23, 41% 24, 45%P

B scope of carboxylic acids

Ph Ph
Ph/&N COM
CO,Me W \<> /Q/%é CO,Me
ray

25, 82% 26, 87% 27, 38% 28, 75%°

Ph Ph Ph

ok

CO,Me
Ph" N CO,Me CO.Me Ph/g N o
CO,Me CO,Me CO,Me M CO,Me

29, 81% 30, 75% 31, 34% 32, 33% 33, 75%
Ph" SN NTs  Ph” N PR SN @ Ph" SN Ph” SN Ph” SN o
NHBoc O OH
CO,Me CO,Me CO,Me CO,Me CO,Me
34, 80% 35, 89% 36, 61% 37 38, 42% 39, 37%
[1.21 g, 84%]¢
Ph Ph Ph Ph Ph Ph
Ph
Ph/gN NTs th Ph/ltw Ph/lir\(\)iOH Ph/gN Ph/gN NHBoc
Ph o} Ph N Ph NHBoc
CO,Me Ph Ph Boc Ph CO,Me CO,Me
40, 47% 41, 62%° 42, 53%* 43, 50% 44, 36% 45, 38%

C scope of imine moieties
X OMe

I X=F 46, 82% I

X=Cl  47,68% .
O w X=Me 48, 51% 2 O /'<\>©
- 49, 40%
X Ar 4=0Me ° Ar

CO,Me CO,Me
(Ar = 4-Me-CgH,) 50, 60% 51, 78% (E/Z mixture)
(Ar = 4-Me-CgH,) (Ar = 4-Me-CgH,)

Scheme 3 Scope for alkylamination. Reactions were performed on a 0.2—0.4 mmol scale (0.1 M) under irradiation using Kessil PR160L 467 nm
(max 40 W). The reaction temperature within the reaction vial was maintained around 27 °C. Yields are isolated yields. @ Determined by *H NMR
analysis of the crude product. © 2 (2.0 equiv.), 3 (2.0 equiv.), and K,COs (2.0 equiv.) were used. € The product was isolated as the corresponding
methyl ester. ¢ Reaction was conducted on a 2.8 mmol scale. © 2 (1.2 equiv.), 3 (1.2 equiv.), and K,COs (1.2 equiv.) were used.
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Scheme 4 Alkylamination of electron-deficient alkenes. Reactions
were performed on a 0.2 mmol scale (0.07 or 0.03 M). Under irradi-
ation using Kessil PR160L 390 nm (max 40 W). The reaction temper-
ature within the reaction vial was maintained around 27 °C. Yields are
isolated yields.

HCI (1 M in Et,0) m
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Scheme 5 Transformations of alkylaminated products: hydrolysis and
hydride reduction.

respectively, in good yields (Scheme 5a). Furthermore, the
chemoselective hydrolysis of the imine moiety of 35 was ach-
ieved by the treatment with aqueous HCI to provide 58 in
excellent yield (Scheme 5b). Hydrolysis of both amino func-
tionalities of 35 using trifluoroacetic acid (TFA) provided
a diamine, which subsequently underwent cyclization to yield
the y-lactam 59, a key structural motif in pharmaceuticals and
natural products. These quite simple methods provide efficient
and practical processes for the synthesis of a variety of useful
nitrogen-containing organic molecules.

Mechanistic investigations

Mechanistic aspects of the alkylamination were investigated.
The possibility of the ligand exchange reaction between 3a and

1072 | Chem. Sci, 2024, 15, 1068-1076
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Scheme 6 NMR monitoring of a mixture of 2b and 3a.

carboxylate to form the carboxylate-substituted hypervalent
iodine compound was initially examined. When a mixture of
pivalic acid (2b) and 3a in the presence of K,CO; in DMSO-d,
was monitored by "H NMR (Scheme 6), no new signals were
observed, and the starting materials remained, ruling out the
possibility of ligand exchange (see ESI, Fig. S3t). In addition,
density functional theory (DFT) calculations of the ligand
exchange process at the M06-2X/6-311++G(d,g)-SDD(I) level of
theory indicated that the formation of 60 is thermodynamically
unfavorable (AG = +2.1 kcal mol '), consistent with the exper-
imental results. We next examined the possibility that an elec-
tron donor-acceptor (EDA) complex was formed between
a carboxylate and DABXs. The UV-vis spectrum of the reaction
mixture was nearly superimposable over that of 3a (see ESI,
Fig. S471), ruling out the participation of a photoactive EDA
complex in the reaction. Based on these results, we conclude
that DABXs would be directly excited and initiate the reaction.

To investigate the photochemical reactivity of DABX 3a,
a series of experiments and quantum chemical calculations
were performed. A fluorescence emission analysis of 3a was first
conducted in DMSO at room temperature. No significant
emission signal was observed under these conditions (see ESI,
Fig. S51), suggesting that the singlet electronically excited state
is chemically reactive, and/or that the intersystem crossing
process is fast to produce the triplet state.>” We then conducted
sub-microsecond transient absorption (TA) spectroscopy
measurements of 3a in DMSO using a laser flash photolysis
(LFP) method (266 nm or 355 nm Nd/YAG-laser, 12 ns pulse-
width, 10 Hz, 6 mJ per pulse) to gain insights into the tran-
sient species generated during the photolysis of 3a (Scheme 7a).
After the LFP, a transient species absorbing at 350-600 nm with
Amax ~ 410 nm was observed under air in DMSO at 298 K. The
decay time-profile monitored at 420 nm could not be repro-
duced by a single exponential decay-equation. The half-life (z,,)
was ~6.8 us at 298 K under an atmosphere of air. Under an
argon atmosphere, the similar 74/, was found to be ~6.6 us at
298 K, indicating that the transient species with Apax ~ 410 nm
is not quenched by molecular oxygen (O,). These experimental
results clearly suggest that the triplet excited state of 3a is not
the transient species with Ay.c ~ 410 nm. Interestingly, the
structural optimization of triplet state of 3a at the UB3LYP/6-
31G(d)-LanL2DZ(I) level of theory produced a pair of radicals,
a diphenyl iminyl radical 61a and ortho-iodobenzoyloxy radical
(62), suggesting that the triplet 3a spontaneously generates the
radical pair after the I-N bond homolysis. In addition to the
generation of the transient with Ay, ~ 410 nm, the bleaching
signal at ~300 nm and its recovering process with k. = 2.13 X
10" M~" 57" were observed in the LFP experiments (see ESI,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Mechanistic investigations and proposed reaction mechanism. (a) Sub-microsecond transient absorption spectra of 1.7 x 10™* M
solution of 3a in DMSO under air. (b) The time profile is obtained from transient ultraviolet-visible spectra of 2.6 x 1072 M solution of 3a in DMSO
under air. Stern—Volmer plot is obtained from rate constants observed at different concentration of 2v at 420 nm.

Fig. S71). The rise in the signal is attributed to the recovering calculations at the UB3LYP/6-31G(d)-LanL2DZ(I) level of theory.
process of 3a from the pair of radicals. The computational method well reproduced the absorption

The absorption spectra of 61a and 62 were computed using spectrum of compound 3a (see ESI, Fig. S9t). Thus, we applied
time-dependent  density  functional theory (TD-DFT) the method to simulate the absorption spectra of 61a and 62.
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Weak electronic transitions at 491 nm (f = 0.0025, ¢ = ~100),
353 nm (f = 0.015, ¢ = ~1300), and 337 nm (f = 0.018, ¢ =
~1300) were computed for iminyl radical 61a, where f is the
oscillator strength; ¢ is molar extinction coefficientin M~ cm™*
(see ESI, Fig. S107). For radical 62, a weak transition at 758 nm (f
= 0.027, ¢ = ~1100) and a relatively strong one at 463 nm (f =
0.125, ¢ = ~5000) were found over 300 nm at the same level of
theory (see ESI, Fig. S117). The computed results clearly suggest
that the observed transient absorption at Aya.x ~ 410 nm in the
LFP experiments of 3a is derived from radical 62. In addition,
the peroxyl radical 62_0O, was not optimized as an equilibrated
structure to give a weakly bounded complex of radical 62 and O,
during the structural optimization in the doublet state, sug-
gesting that the reaction of 62 with O, is endothermic and slow.
Indeed, the Gibbs energy of the complex was computed to be
higher in energy by 5.8 kcal mol~" than the total energy of 62
and O, (see ESI, Fig. S13}). This computational result also
supports the conclusion that the transient absorption with Apax
~ 410 nm comes from radical 62, since the transient species
with Apax ~ 410 nm was not quenched by O,. Unfortunately, the
signal of 61a could not be clearly obtained due to the low ¢ and
the overlap with the absorption spectra of 3a and 62.

As mentioned above, the decay process of 62 was not
reproduced by the first-order decay equation. However, the
experimentally observed decay-signal at 420 nm was perfectly
reproduced with the second-order rate equation (61a + 62 — 3a,
[62] = 1/(kt + 1/[62],), where [62], = [61a], = 3.88 x 10 ® M), to
give the second-order rate constant (k) of 1.7 x 10"°M ' s~ (see
ESI, Fig. S8t), supporting the conclusion that assignment of 62
is correct. The initial concentration of 62 was determined by the
bleaching signal of 3a at 300 nm after the LFP, Abszy =
—0.0231, €390 of 3a = 5946.7. The quantitative formation of 62
from 3a was assumed to determine the concentration.

To understand the thermal reactivity of 62, we then investi-
gated the dynamic quenching of 62 with the carboxylate
prepared from 2v with K,CO; to determine whether it could
function as an oxidant (Scheme 7b and c). Indeed, the lifetime (¢
= 1/kq) of 62 was shortened by increasing the concentration of
2v. From the slope of the Stern-Volmer plot, k4 versus [2v], the
quenching rate constant kq was found to be 2.9 x 10" M ' s™%.
Unfortunately, the resulting diphenylmethyl radical 63 (Apax =
335 nm, ¢ 29 900)*® formed through the fast decarboxylation was
not clearly detected, although the lifetime at 370 nm was
different from that at 420 nm. The optical window was more
than 370 nm for the LFP experiments. To further confirm the
single-electron transfer process, the reduction potentials of 61a,
62, and a carboxylate of 2v were then computed using DFT
calculations at the MO062X/6-31G+(d,g)-LanL2DZ(I) level of
theory. Since structural optimization of the carboxyl radical
species derived from 2v resulted in the formation of the
diphenylmethyl radical 63 due to the barrierless decarboxyl-
ation, the calculations were carried out using a pivalate instead
(see ESIf). The resulting reduction potentials for 61a, 62, and
oxidation potential for a pivalate were —1.12, +1.20, and +1.37 V
vs. SCE, respectively, indicating that the single-electron oxida-
tion of pivalate by 62 is possible although the electron transfer
oxidation is slightly endothermic (AG.; = +0.17 eV). Indeed, the
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estimated quenching rate constant obtained by the Rehm-
Weller equation, ~1.8 x 10" M~"' s™| is fairly consistent with
the experimentally obtained value kq = 2.9 x 10" M ™' s~ (vide
supra).”

To confirm the generation of an iminyl radical 61a as well as
the alkyl radical 63, the product analysis of photochemical
reaction of 2v (0.1 M) with 3a (0.1 M) was carried out in the
presence of K,COj; (Scheme 7d). As a result, the decarboxylative
amination product 64 was obtained, accompanied by the
formation of byproducts including 65 and benzophenone azine
(66), which are apparently formed through the homocoupling of
63 and 61a, respectively.*® These results clearly demonstrate
that the generation of 61a and 63 under the reaction conditions,
which would couple to provide 64. Overall, the excitation of 3a
led to the formation of the iminyl radical 61a and radical 62 that
can oxidize a carboxylate to give an alkyl radical. Although there
are several reports on the reactivity of radical 62 as a single-
electron oxidant,*>** the present study is a rare example of an
experimental demonstration of its reactivity.*® A radical mech-
anism was further confirmed by the use of vinylcyclopropane 1r
as an alkene substrate (Scheme 7e). When 1r was subjected to
the standard alkylamination reaction conditions, no
cyclopropane-containing product was observed, and several
cyclopropane ring-opened products were obtained, one of
which was determined to be 67. This result clearly indicates that
the reaction proceeds through radical addition of an alkyl
radical to an alkene.

Based on the experimental reported herein,
a proposed reaction pathway for the alkylamination is depicted
in Scheme 7g. As an initial step, the visible-light excitation of
DABXs 3 leads to the homolysis of its I-N bond to give an iminyl
radical 61 and radical 62. A single-electron oxidation of
a carboxylate by 62 then occurs. The resulting alkyl radical
through a subsequent decarboxylation reacts with alkenes to
form radical 68. Given that the relative concentration of 3 is
much higher than that of 61, the radical 68 would undergo the
radical addition onto 3. The Gibbs energy barrier was then
computed to be 32.0 kcal mol™* at the M06-2X/6-31G+(d,g)-
LanL2DZ(I) level of theory (see ESI, Fig. S15t). The product
and the radical 62 were found to be produced through the
formation of the weakly bounded intermediate 69. The re-
generation of radical 62 realizes the radical-chain process.
However, the result of the light ON/OFF experiments (Scheme
7f) and the quantum yield @ = 0.15 of the alkylamination do not
support an efficient radical chain process, and continuous
photoirradiation is therefore required for the reaction. There-
fore, an alternative pathway involving a radical-radical coupling
between 68 and iminyl radical 61 cannot be excluded.

results

Conclusions

In conclusion, the alkylamination of alkenes using pristine
carboxylic acids as an alkylating reagent was enabled by
photoexcitation of DABXs which function as both an oxidant
and an aminating reagent. The present method has a broad
substrate scope for alkenes and aliphatic carboxylic acids with
good functional group tolerance. The developed alkylamination

© 2024 The Author(s). Published by the Royal Society of Chemistry
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would provide a simple, scalable, and straightforward approach
to accessing readily modifiable amines. The synthetic utility of
the products was clearly demonstrated by the facile trans-
formation of some of the products into valuable nitrogen-
containing molecules. Experimental and computational mech-
anistic studies revealed the unprecedented photochemical
reactivity of DABXs. Upon visible light irradiation, ortho-iodo-
benzoyloxy radical, in situ-generated from DABXs, oxidizes
carboxylates to provide alkyl radicals. We anticipate that the
present method will find wide applications in the synthesis of
amines that are otherwise difficult to access.
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