Organic &
Biomolecular
Chemistry

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Organic& Royal Society of Chemistry peer review process and has been
Biomolecular accepted for publication.

Chemistry

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still
l(’msm apply. In no event shall the Royal Society of Chemistry be held

2 responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

[y RO~YAL SOCIETY
OF CHEMISTRY WWW.rsc.org/obc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6

Journal Name

Organic:& Biomolecular:Chemistry

»

RO
OF Cl

[ET
EMISTRY

Photochemically-Induced C-C Bond Formation between Tertiary

Amines and Nitrones

Received 00th January 20xx,
Accepted 00th January 20xx

Kennosuke Itoh*’a’b, Ryo Katob, Daito Kinugawab, Hideaki Kamiyab, Ryuki Kudo“, Masayuki

Hasegawa®, Hideaki Fujii**°, and Hiroyuki Suga*”

DOI: 10.1039/x0xx00000x

Photoexcited nitrones served as excellent electron acceptors as well as radical acceptors in the presence of tertiary amines
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to give f-amino hydroxylamines via photochemically-induced direct sp3 C-H functionalization of the tertiary amines. The

combined use of an organophotosensitizer and photoirradiation was highly effective in accelerating addition reactions.

Several nitrones and tertiary amines were successfully utilized to give B-amino hydroxylamines in good vyields. Highly

regioselective generation of primary a-aminoalkyl radicals based on Lewis’s stereoelectronic rule and diastereoselective

addition reactions of primary a-aminoalkyl radicals with nitrones were successfully achieved. Furthermore, the highly

diastereoselective reaction of an a-aminoalkyl radical with a chiral (E)-geometry-fixed a-alkoxycarbonylnitrone was

performed.

Introduction

Direct functionalization of sp3 C-H bonds adjacent to a
nitrogen atom has emerged as a particularly attractive
synthetic method to construct carbon-carbon bonds. An
important method for promoting the reaction is the
photosensitized reaction between tertiary amines and a C=X
bond (X = C, N, O).1~8 Benzophenone (BP) derivatives,
representative of aromatic carbonyl photosensitizers, have
enabled several organic transformations to proceed1’2’3’5‘8 and
have been studied in terms of their attractive photophysical
properties as well as their photochemical properties from the
theoretical point of view.”™ BP derivatives have also been
investigated as organophotocatalysts that enable several
useful organic reactions and for developing greener organic
reactions for their attractive properties. BP is excited by
absorption of UV light to generate the excited singlet state of
BP [1(n, 7T)*] (1BP*), and then intersystem crossing (ISC), a very
fast process with a picosecond time scale, exerts its effects by
the El-Sayed rule to generate the excited triplet state of BP [S(n,
7t)*] which then decays to the excited triplet state of BP [S(n,
7T)*] (3BP"‘).11 On the other hand, when photoirradiation is
conducted in the presence of a tertiary amine and BP, a
corresponding a-aminoalkyl radical and a benzophenone ketyl
radical are generated at the same time.
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Scheme 1 Photochemically-induced addition of an o-

aminoalkyl radical to a nitrone

The resulting a-aminoalkyl radicals are labile species which
react with o,f-unsaturated carbonyl compounds and
2312 Hoffmann et al. have vigorously developed and
well established these reactions.? Recently, Inoue and Kamijo
et al. have developed several photoinduced direct
functionalizations of sp3 C-H bonds catalyzed by BP
derivatives.®  Several investigations have focused on
discovering radical acceptors as well as determining the
characteristics and reactivities radicals.

ketones.

of oa-aminoalkyl
However, successful examples of the reaction of a-aminoalkyl
radicals with a C=N bond under photoirradiation are still
rare.57131 Thus, we considered that the development of a
novel addition of the a-aminoalkyl radical to a C=N bond
would be a worthwhile undertaking.

We have focused on the features of nitrone 1 which serves
as a good radical acceptor for alkyl radicals to permit
generation of aminoxyl radical intermediates. Aminoxyl
radicals are known as stable radicals due to spin delocalization
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cations and the
aminoxyl intrigued by the
photophysical and photochemical properties of 1; the use of
nitrones as a radical acceptor under photoirradiation has been
generally avoided since photoexcited nitrones readily undergo
photolysis to give oxaziridines (Scheme 1)."® Hence, we
proposed that if photoinduced electron transfer (PET) from
tertiary amines to photoexcited nitrones occurred,
photodecomposition of the nitrone would be prohibited and
radical carbon-carbon bond formation would be accomplished
to afford -amino hydroxylamine derivatives.

between the nitrogen-centered radical

. 15
radicals. We were also

Results and discussion

We started our investigation of the reaction of N-
benzylidenebenzylamine N-oxide (1a) with N,N-
dimethylisopropylamine (2a) under photoirradiation [UV-LED
light source (A = 365 nm)] by conducting the reaction in several
solvents. Desired carbon-carbon bond-forming reactions
occurred specifically at the methyl group of 2a with a C=N
bond of 1a to give S-amino hydroxylamine 3aa in each type of
solvent with the exception of dichloromethane (DCM) (Table 1,
entries 1~6). Acetone was the best solvent for increasing
reaction rate and improving chemical yield (entry 1).

We next evaluated the amount of added 2a within the range
of 2 to 10 equivalents (entries 1, 7, 9). We also used a high
pressure mercury lamp (100 W) instead of a UV-LED light
source, but yield of 3aa was lower than that observed in entry
7 (entry 8). Consequently, use of 5 equivalents of 2a led to the
optimal result (entry 7). We then tested the effect of the
substituent on the nitrogen atom of the N-oxide moiety of
nitrones. The reaction of N-benzylidenemethylamine N-oxide
(1b) gave a complex mixture of products and afforded S-amino
hydroxylamine 3ba in low yield (entry 10). In the case of N-
benzylidene tert-butylamine N-oxide (1c), photocyclized
product 2-tert-butyl-3-phenyl-oxaziridine (9c) was obtained in
quantitative yield (entry 11). In contrast, N-benzylidene aniline
N-oxide (1d) appeared to photodecompose to give a complex
mixture (entry 12).

We also used several organophotosensitizers with the aim of
increasing reaction rate and chemical yield (Table 2). The rate
of reaction was increased by the use of BP (entry 1) in
comparison with the result of entry 1 in Table 1. The reaction
in the presence of 4,4'-dimethoxybenzophenone (DMBP) was
not successful and structurally unknown products were
obtained even at low temperature (entries 2~4). We utilized
4,4'-dichlorobenzophenone (DCBP) as a organophotosensitizer
instead of DMBP. As a result, the reaction catalyzed by DCBP
proceeded reproducibly without notable side reactions to give
3aa in good yield (entries 5, 6). We used a high pressure
mercury lamp (100 W) instead of the UV-LED light source, but
yield of 3aa was lower than that observed in entry 6 (entry 7).
When 4,4'-difluorobenzophenone (DFBP) having the strong
electron-withdrawing fluorine group was used for the reaction,
the result was not an improvement over DCBP (entry 8).

2 | J. Name., 2012, 00, 1-3

Table 1 Effects of solvents and of N-substituents of nitrones

6\N/R1 )\ hv (r = 365 nm, UV-LED?) HO\N/W |
Ph/” ’ "“/ solvent (0.05 M), rt Ph)\/Nj/
1a:R'=Bn 2a 3aa:R'=Bn
R, o) i
1d:R'=Ph 3da:R'=Ph
entry | Nitrone | solvent | amine/x | time/h yield/%b
1 1a Me,CO 10 2.5 63
2 1a MeCN 10 4 62
3 1a PhCF; 10 3 50
4 1a MeOH 10 10 50
5 1a THF 10 4 27
6 1a DCM 10 12 0°
7 1a Me,CO 5 2.5 61
8’ 1a Me,CO 5 2.5 50
9 1a Me,CO 4.5 46
10 1b Me,CO 10 24 12
11 1c Me,CO 10 24 o°
12 1d Me,CO 10 24 0°

“The external irradiation was directed toward the Pyrex test
tube with a working distance of 1 cm. Irradiation power of
each UV-LED light source was found to be 422 mW/cm2 +
3 %. All reactions were degassed by argon bubbling for 15
min prior to irradiation. b |solated yield. ¢ Complex mixture
was obtained. ¢ High pressure mercury lamp (100 W) was
used for the reaction. € 2-tert-Butyl-3-phenyl-oxaziridine (9c)
was obtained in quantitative yield.

Table 2 Evaluation of several organophotosensitizers

5\+/Bn Sens. (x mol%) HO\N/Bn |
JN . Tl/ h’;(x=365 nm, UV-LED?) ph)WN
Ph e,CO (0.05 M), temp. T/
1a 2a 3aa
(5 equiv.)

entry Sens. x | Temp./°C | time/h | vyield/%®

1 BP 10 rt 0.7 62

2 DMBP 10 rt 0.3 48

3 DMBP 10 -40 48 37

4 DMBP 10 -78 59 37

5 DCBP 10 rt 1 78°

6 DCBP 5 rt 1.3 76

7¢ DCBP 5 rt 1.3 66

8 DFBP 10 rt 1.3 65

9 Xanthone | 10 rt 6 60

10 DMABP | 10 rt 6 0°

17 | Eosiny | 10 rt 24 0°
“The same irradiation system as in Table 1 was used for
the reaction. ? Isolated yield. € Average of four studies. a
High pressure mercury lamp (100 W) was used for the
reaction. ¢ Complex mixture was obtained. fsun light was
used for the irradiation source.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2 Exploration of the scope of amine substrates. °

Conditions A: Reactions in the absence of DCBP. Conditions B:
Reactions in the presence of DCBP. ® The same irradiation
system as in Table 1 was used for the reaction. “All products
were isolated and regioisomer ratios as well as diastereomer
ratios were determined by "H NMR.

-
5 DCBP (10 mol%) HO. .Bn
OfBn (AL, hv(=365 nm, UVLED?) N
MG il s
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1b-1i 2a, 2h, 20, 2p R?
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3ab-3qi
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3eo
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Scheme 3. Exploration of the scope of nitrone substrates. “ The

same irradiation system as in Table 1 was used for the reaction.

bl products were isolated.
Complex mixtures were obtained in the case of 4,4'-
bis(dimethylamino)benzophenone (Michler’s ketone, DMABP)
and Eosin Y (entries 10, 11).

With the optimal reaction conditions in hand, we next
evaluated several tertiary amines in the presence or in the
absence of DCBP (Scheme 2). In all reactions, DCBP was
neccesary to accelerate the reaction. Interestingly, the use of
containing benzyl (2f), allyl (2g), or
ethoxycarbonylmethyl (2h) groups did not lead to formation of

amines

This journal is © The Royal Society of Chemistry 20xx
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any adducts of secondary a-aminoalkyl radicals, known as a
thermodynamically stable captodative radicals.
primary a-aminoalkyl radicals of 2f, 2g, and 2h were
predominantly generated rather than the corresponding
secondary a-aminoalkyl radicals, which were based on Lewis’s
When
cyclic amines 2k, 2m, and 2n were used as the radical
precursor, regioselective formation of primary a-aminoalkyl
radicals was achieved and the resulting a-aminoalkyl radicals
added to 1a gave 3ak, 3am, and 3an as the corresponding
major products. The repulsive interaction between
concomitantly generated secondary a-aminoalkyl radicals of
six-membered amines and 1a was larger than that of five-
inducing excellent diastereoselectivities
observed and 3an'. In the case of 1-tert-
butylpyrrolidine (2j), inevitable generation of the secondary a-
aminoalkyl radical followed by the carbon-carbon bond
formation were clearly achieved. Interestingly, the reaction of
N,N-dimethylaniline (2i) in the absence of DCBP was carried

In our case,

. . . 17
stereoelectronic rule for a stilbene-amine system.

membered amines,
in 3am'

out twice, but 3ai was not obtained at all. On the contrary, the
reaction of 2i in the presence of DCBP progressed smoothly to
give 3ai in good vyield. This result indicated that ET from 2i to
®DCBP* occurred in a more facile manner than with
photoexcited nitrone 1% 1819

We next attempted to evaluate several nitrones (Scheme 3).
As a result, regioselective generations and additions of primary
a-aminoalkyl radicals were carried out to give desired f-amino
hydroxylamine moderate vyields. X-Ray
crystallographic analysis of 3eo was successfully achieved to
reveal that the predicted carbon-carbon bond formation
We challenged the diastereoselective reaction by
using chiral (E)-geometry-fixed a-alkoxycarbonylnitrone 4a™
with 2i (Scheme 4). The primary a-aminoalkyl radical derived
from 2i approached the re-face of the reaction site of 4a by
avoiding the phenyl ring to give 5ai in moderare yield with

derivatives in

20
occurred.

excellent diastereoselectivity,22 which was formed

concomitantly with a slight amount of double addition product
. 21c,23

6ai.”

We carried out photoirradiation for a solution of nitrone 1a-
1c to give oxaziridines 7a-7c, respectively. We also performed
photoirradiation of a solution of in situ generated 2-benzyl-3-
phenyl-1,2-oxaziridine (7a) and 2a in acetone-dg, but 3aa was
not obtained at all.

Ph, _O__0O
Ph, 0.0 DCBP (10 mol%) ‘. | [ L’I\‘
v = | a N 0 ~
[ j , (X -Ph v (=365 nm, Uv-LED?) el N e PR N oh
“
PR NT \ Me,CO (0.05 M), rt, 24 h ) OH \qu/
0-

Stereochemical model

Scheme 4 Diastereoselective addition of the a-aminoalkyl
Irradiation power of UV-
Isolated yield. © Diastereomer ratio was

radical to the chiral cyclic nitrone. ¢
LED was 72 mW/cm?. b
determined by 'H NMR.

J. Name., 2013, 00, 1-3 | 3
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6\+,R o
f\‘l hv (A = 365 nm, UV-LED) A
/LN
Ph) (CD3),CO (0.05 M), rt Ph "R
1a:R=Bn 7a:R=Bn (4 h,y=<75%)
1b: R =Me 7b:R=Me (72 h,y = <78%)
1c:R=1tBu 7c:R=tBu (30 h,y=85%)
2a (5 equiv.)
DCBP (no or yes)
hv (h =365 nm, UV-LED) hv (h =365 nm, UV-LED)
a [7a ] 3aa
(CD3),CO (0.05 M), 1t, 4 h ,1.5h

Scheme 5 Formation of oxaziridines and their photoreactivities.
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Time/min

Figure 1 ON/OFF experiment of UV-LED light
Conditions : A mixed solution of 1a (1 eq.) and 2a (5 eq.) in
acetone-ds (0.05 M) was degassed by argon bubbling for 15
min, then the solution was transferred to an NMR tube and
irradiation was conducted at room temperature. Irradiation
power of UV-LED was 430 mW/cm?.

source.

Therefore, this study revealed that 7a had not participated in
promoting the reaction (Scheme 5). We also conducted an
ON/OFF experiment of the UV-LED light source. The reaction
was not induced at all when UV-LED lighting was OFF (Figure
1).

Based on these observations, we conclude that the reaction
of a-aminoalkyl radicals with nitrones appears to progress by a
mechanism that combined a DCBP-sensitized photocalalytic
process, a non-photochemical radical chain process, and a
nitrone-sensitized photocatalytic process (Scheme 6). In the
DCBP-sensitized photocatalytic process, the sequence of DCBP
excitation by UV absorption to generate *DCBP*, then PET
from 2a followed by proton exchange (PE) occurred to give the
pair of a-aminoalkyl radical A and ketyl radical B. Next, A
reacted with 1a to give the aminoxyl radical intermediate C
which would be subjected to electron transfer (ET) from B,
followed by PE to give the desired product 3aa and DCBP. We
also identified terminated products aminoalcohol 8 and
4,4' 4" 4"'-tetrachlorobenzopinacol (9) in the presence of
DCBP. Furthermore, we performed photoirradiation for a
solution of 1a and 8 in acetone, but 3aa was not obtained at
all.?* In the nitrone-sensitized photocatalytic process, nitrone
1a behaved in the same

4| J. Name., 2012, 00, 1-3

In the presence of DCBP

hv
DCBP —> 1DCBP* 3DCBP*
3aa 2a

Er DCBP-sensitized PET
PE PE
B photocatalytic process
O. _Bn H
N )\ . o
s
N .
Ph | Ar)\Ar
[

A B
Ar = 4-Chlorophenyl

I

1a

Termination
OH | OH
A )[\/N A ArA
" A 7/* Af '
8 9OH
_________________________ 1@ oo m e d ol .
In the absence of DCBP
Bn_ _O
)\ . N \H
2a )\/N N/ . —>3aa
H-Abst Ph
3aa c
PET

Non-photochemical
radical chain process

1a

Nltrone sensitized
photocatalytlc process
ET
PE 1a 4> 1a*

Scheme 6 A proposed mechanism for the reaction.

manner as DCBP to give 3aa by way of the radical pair of A and
D, which coupled together to give C. On the other hand, the
aminoxyl radical intermediate C could abstract the hydrogen
atom adjacent to the nitrogen of 2a to form 3aa and o-
aminoalkyl radical A which reacted with 1a to give C. The
oxaziridine ring-forming reaction of photoexcited nitrone 1*
was negligibly slow in the presence of tertiary amines. The
aminoxyl radical intermediate C was the common intermediate
for all three processes, the non-photochemical radical
chain process, the nitrone-sensitized photocatalytic process,
and the DCBP-sensitized photocatalytic process. On the basis
of the initial rate of the reaction in the absence of DCBP, which
was extremely slow (Figure 1), and the effect of the amount of
added 2a (entries 1, 7 and 9 in Table 1), the concentration of
the aminoxyl radical intermediate C might play a critical role in
promoting the reaction in the absence of DCBP. Hoffmann et al.
conducted a thorough study to reveal the mechanism for
conjugate addition reactions between a-aminoalkyl radicals
and ¢,f-unsaturated carbonyl compounds catalyzed by BP
derivatives under photoirradiation. They successfully
determined the value of the quantum vyield (®) of the reaction
to be 4.3° In our case, the effect of DCBP on the rate
acceleration of the reaction was obvious, but the quantum
yield (®) of the reaction was unclear. Hence, the non-
photochemical radical chain process would not be ruled out in
considering the reaction mechanism, even in the presence of
DCBP. We also carried out the reaction between 1a and 2a by
the use of a radical initiator such as di-tert-butyl peroxidezs,
triethyl borane/Oz,26 and 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) under thermal conditions, but 3aa was not obtained

ie.,

at all.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

In summary, we have developed the photochemical addition
of the a-aminoalkyl radical to a nitrone with the following
findings and advantages: (1) the nitrone served as a good
photosensitizer for generating a-aminoalkyl radicals from
tertiary amines via PET; (2) BP derivatives accelerated the
reactions; (3) regioselective generation of a primary o-
aminoalkyl radical from a tertiary amine based on Lewis’s
stereoelectronic rule, followed by its addition to a nitrone was
accomplished; (4) wide substrate scope of amines as well as of
nitrones was achieved; (5) excellent diastereoselectivity was
observed in the reaction with chiral cyclic nitrones. Further
studies for elucidating a mechanism of the reaction and for
development of a novel organophotocatalysis are ongoing.
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