Visible light-assisted organocatalytic a-acyloxylation of ketones
using carboxylic acids and N-halosuccinimides
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The a-acyloxylcarbonyl motif can be found in many important
pharmaceuticals and biologically active natural products and their
derivatives. In this manuscript, the direct synthesis of a-
acyloxylketones from ketones and readily available carboxylic acids
was realized using a photo-assisted halogen bond-mediated
organocatalytic a-acyloxylation reaction. The desired a-
acyloxylation products were obtained in good to high yields.

The a-acyloxylketone motif can be found in many important
pharmaceuticals and biologically active natural products and
their derivatives, such as Valrubicin, Aranidipine, and Taxol.!
Moreover, a-acyloxylketones are also very useful starting
materials in organic synthesis.2 Because of their relevance in
medicinal and synthetic chemistry, many methods have
developed for the synthesis of a-acyloxylketones.3
Nevertheless, among these reported methods, only a few are
using the readily available carboxylic acids directly as the
acyloxylation reagents. In this regard, Ishihara and coworkers#?
developed the first direct a-acyloxylation of carbonyl
compounds with carboxylic acids using the combination of TBAI
and TBHP.* Later, Xu and coworkers reported the direct a-
acyloxylation of acetone with carboxylic acids using the
combination of KI/K;S;0s.% Most recently, Zhang and
coworkers also developed a direct a-acyloxylation method for
ketones with carboxylic acids using Kl/1,2-dibromoethane.3
Meanwhile, organocatalytic methods have also been developed
for the asymmetric synthesis of a-acyloxylketones or -
aldehydes.>¢ However, since most of these methods are based
on the oxidation of the enamine intermediates by diacyl
peroxides, carboxylic acids cannot be used as the a-
acyloxylation reagent.> Only Jgrgensen and coworkers have
reported an asymmetric a-acyloxylation of a-branched
aldehydes directly using carboxylic acids via the oxidation of the
enamine intermediates with Ag,C03.°

Halogen bonding, the noncovalent interaction of Lewis
bases with an electron-deficient region of halogen substituents,
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has received dramatic increase of interest in the past two
decades due to its wide applications in crystal engineering,
anion recognition, and drug design.” Most recently, its potential
in catalysis and organic synthesis has also been recognized.”<8
When a halogen bond complex is placed under visible light
irradiation, an electron transfer between the Lewis base and the
halogenated compound happens, and the radical species thus
generated can be utilized for developing novel synthetic
methodologies.8 For example, Yajima and coworkers reported
the use of halogen bond complexes between enamines and
perfluoroalkyl iodides for the visible light-induced alkylation
and atom transfer radical addition (ATRA) reactions.? While the
halogen bonding between N-halosuccinimides and amines,
imines, or nitrogen-containing heterocycles are well known,10
the halogen bond complexes between enamines and N-
halosuccinimides have been rarely studied. To our knowledge,
only Guha and Sekar have mentioned the halogen bonding
between an enamine and N-bromosuccinimide (NBS) in their
proposed mechanism.11 Most recently, Li and coworkers
reported a photo-assisted C-H amination mediated by N-
iodosuccinimide (NIS) via the halogen bonding with
sulfonamides.1? Inspired by these few reports, we reasoned that
the halogen bonding between an enamine and N-
halosuccinimides could be employed for the organocatalyzed
photo-assisted halogenation of ketones (such as compound 6 in
Table 1). Nevertheless, when we conducted the proposed
reaction with NBS under the irradiation of blue light, the a-
benzoyloxylation product 5a (Table 1) was obtained instead,
which was a reaction product of the cocatalyst benzoic acid.
This reaction offers a direct a-acyloxylation of cyclohexanone
with carboxylic acids. Herein we wish to report the first visible-
light assisted organocatalytic direct a-acyloxylation of ketones
with carboxylic acids involving the halogen bond between the
enamine and N-halosuccinimides.

As the results in Table 1 show, when the proposed a-
bromination reaction of cyclohexanone (1a) was conducted in
chlorobenzene at 70 °C using NBS (3a) as the brominating agent
under the catalysis of pyrrolidine (4a) and benzoic acid (2a) and
the irradiation of blue LED lights (460 nm, 2x36 W), the
expected a-bromination product 6 was not obtained, instead,
the a-acyloxylation product 5a was obtained in 7% yield (entry



Table 1. Optimization of the reaction conditions?

R\ /R
o o W@ o
+ PhCO,H * N_X 4 | Base OCOPh
Solvent, 4A MS
70 °C, Ar, 18 h
1a 2a 3 5a
[¢) Y= o
@/B, mca OO0
3¢ X =1 Y N
H H
6 4a 4b 4c
Entry 1a (equiv.) 3 (equiv.) 4 (equiv.) Nazc.Oa yield (%)®
(equiv.)
1c 10.0 a(1.5) a(1.0) - 7
24 10.0 a(1.5) a(1.0) 0.5 45
3¢ 10.0 a(1.5) 0.5
49 10.0 a(1.0) 0.5
5de 10.0 a(1.5) a(1.0) 0.5 trace
6 10.0 a(1.5) a(1.0) 1.0 71
7 10.0 b (1.5) a(1.0) 1.0 35
8 10.0 c(1.5) a(1.0) 1.0 79
9 3.0 c(1.1) a(0.2) 1.0 87
10 3.0 c(1.1) a(0.2) 1.0 50
11 3.0 c(1.1) a(0.2) 1.09 21
12 3.0 c(1.1) b (0.2) 1.0 25
13 3.0 c(1.1) c(0.2) 1.0 trace
14h 3.0 c(1.1) a(0.2) 1.0 65
15 3.0 c(1.1) a(0.2) 1.0 59
16! 3.0 c(1.1) a(0.2) 1.0 50
17 3.0 c(1.1) a(0.2) 1.0 67
18' 3.0 c(1.1) a(0.2) 1.0 67
19m 3.0 c(1.1) a(0.2) 1.0 54
20" 3.0 c(1.1) a(0.2) 1.0 15
21° 3.0 c(1.1) a(0.2) 1.0 24

9Unless otherwise indicated, all reactions were carried out using cyclohexanone
(1a, 3.0 mmol), benzoic acid (2a, 1.0 mmol), NIS (3¢, 1.1 mmol), Na2COs (1.0 mmol),
4 AMS (100.0 mg), and pyrrolidine (4a, 0.20 mmol, 20.0 mol %) in chlorobenzene
(5.0 mL) under argon at 70 °C with the irradiation of two 36 W blue LED (460 nm)
for 18 h. bYield of the isolated product 5a after column chromatography. ‘Reaction
was performed with cyclohexanone (1a, 1.0 mmol), NBS (3a, 0.15 mmol), and
benzoic acid (2a, 0.10 mmol), pyrrolidine (4a, 0.10 mmol), and without 4 AMS at
80 °C overnight. 9The reaction time was 2 h. ¢€Conducted without Blue-LED. fK2CO3
was used as the base. 9Cs2COs was used as the base. "Conducted in benzene.
iConducted in THF. JConducted in CHCls. Conducted in CHsCN. /‘Conducted in
EtOAc. mConducted in DMF. "Conducted at rt. °Conducted under air.

1). Formation of 5a suggests the involvement of benzoic acid
(2a) in this reaction, a cocatalyst used for the formation of the
enamine intermediate. This reaction provides a direct a-
acyloxylation of ketone using the readily available carboxylic
acid as the acyloxylation agent. Nevertheless, the yield of 5a
was very low and our attempts to increase the yield of 5a by
simply increasing the loading of 2a failed and, therefore, the
reaction conditions were very carefully optimized. It was found
that the yield of 5a could be improved to 45% by employing
excessive cyclohexanone (1a, 10.0 equiv.), 1 equiv. of
pyrrolidine (4a), 4 A molecular sieves, and a base additive
(Na,COs3, entry 2). In contrast, control reactions conducted
without either pyrrolidine (4a), NBS (3a), or light yielded no
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desired product (entries 3-5). These results indicate that all
these three parameters are essential to the a-acyloxylation
reaction. The yield of 5a could be further improved to 71% by
employing 1.0 equiv. of Na;COs3 and prolonging the reaction
time to 18 h (entry 6). Using N-chlorosuccinimide (NCS, 3b)
instead of NBS (3a) led to a dramatic decrease of the yield of 5a
(to 35%, entry 7). In contrast, using NIS (3c) instead of NBS (3a),
the yield of 5a was slightly increased to 79% (entry 8). The
observed vyield trend agrees well with the expected halogen
bonding strength between the N-halosuccinimides and the
enamine. Further optimizations with NIS (3c) revealed that the
highest yield of 5a (87%) could be obtained with the use of a
slight excess of cyclohexanone (1a) and NIS (3c) (3.0 and 1.1
equiv., respectively) and a catalytic amount of pyrrolidine (4a,
20 mol %) (entry 9). Using other base additives, such as K;COs,
and Cs,COs (entries 10-11), other amine catalysts, such as 4b
and 4c (entries 12-13), or other organic solvents, such as
benzene, THF, chloroform, acetonitrile, ethyl acetate, and DMF
(entries 14-19), all led to lower yields of 5a. Moreover,
conducting the reaction at room temperature (entry 20) or
under air (entry 21) also led to lower yields of 5a. Thus, the best
conditions for this reaction are those listed in entry 9.

Once the reaction conditions are optimized, the scope of this
direct a-acyloxylation reaction were investigated under the
optimized reaction conditions. As the results in Table 2 show,
besides benzoic acid, substituted benzoic acids can be used in
this reaction to yield the desired a-acyloxylation products in
good yields (5b-5k), and the electronic effects of the substituent
has almost no effects on this reaction (5b-5i). In addition, the
position of the substituent on the phenyl ring has no effects on
this reaction, either (5i-5k). 2-Naphthoic acid is also an excellent
substrate for this reaction, which gives 5l in a high yield. Among
the heterocyclic carboxylic acids screened, no desired product
could be obtained from picolinic acid (5m), but the expected
product of coumalic acid (5n) was obtained in a good vyield.
These two results suggest that the failure of picolinic acid might
be due to its pyridine heterocycle, which is also known to form
halogen bond with NIS.1% Besides those of aryl carboxylic acids,
the expected products of aliphatic carboxylic acids, such as,
pivalic acid (50), 5-phenylvaleric acid (5p), and acetic acid (5q),
were also obtained in good yields. Moreover, trans-cinnamic
acid and abietic acid also gave the corresponding products in
good to high yields (5r and 5s). Besides cyclohexanone, acetone
is also a good substrate for this reaction and good yields were
obtained for the expected products of benzoic acid (5t) and N-
Boc-protected proline (5u). When an a-branched aldehyde was
employed, the formation of product 5v was be observed in the
crude NMR, together some unidentified products, but could not
be isolated. Nevertheless, no desired product was obtained
from cyclopentanone, cycloheptanone, or benzylacetone, and
a-unbranched aldehydes gave only the aldol condensation
products (data not shown). To show the synthetic utility of this
reaction, a gram-scale synthesis of 5a was conducted, a good
yield of 74% was obtained (Table 2).

To understand the reaction mechanism, some additional
reactions were conducted (Scheme 1). When the preformed
enamine 7 was employed as the substrate under the optimized

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Substrate scope of the light-assisted organocatalytic a-acyloxylation reaction®

: T B

RJKKRE' * RCOMH * N_i 43 . NaCO, RJKK
PhCI, 4A MS
R2 5 70°C, Ar, 18 h R2
1 2 3c

ctonsdics ndicn nlicnadenndennd

5a, 87% 5b, 81% 5¢, 73%

5d, 82%

5e, 78% 5f, 74% 5g, 70%

S Redlenadilent o s sh saten ol

5h, 72% 5i, 76% 5},73%

ioj/ojo(k ioj/o%(\/\fh ioj/ol( &/OT(\/Ph inJOTO\ )OK/OTO(P*‘ LOE'Q

50, 76% 5p, 68% 5q, 65% 5r, 82%
(0} (o}
O_ Ph O_ Ph
H hig hig
% (o} ij/ O
5v, <5% 5a, 74% (gram scale reaction)

5k, 79%

51, 83% 5m, 0% 5n, 68%

Boc

5s, 61% (dr 50:50) 5t, 74% 5u, 70%

aUnless otherwise indicated, all reactions were carried out using ketone (1, 3.0 mmol), carboxylic acid (2, 1.0 mmol), NIS (3¢, 1.1 mmol), Na2CO3 (1.0 mmol), 4 A MS
(100.0 mg), and pyrrolidine (4a, 0.20 mmol, 20.0 mol %) in chlorobenzene (5.0 mL) under argon at 70 °C with the irradiation of two 36 W blue LED (460 nm) for 18 h.

0 & .

+ PRCOH + N—I NazCOs
PhCI, 4A MS
70°C, Ar, 18 h, 19 %

OCOPh

2a 3c 5a

:N:

7

o

i + PhCONa + _ %2 NaCOs | OCOPh
1a

o

1a

DMF, 4A MS
70°C, Ar, 18, 0%

N—I

2a' 3c 5a

© wa
4a , Na,CO,
TEMPO, PhCI,
AMS R05%:

2a 3c 5a

OCOPh

+ PhCO,H + N—I

Scheme 1. Control reactions with enamine, sodium benzoate, and TEMPO.

reaction conditions, the desired product 5a was also obtained,
but in a much lower yield of 19% (top equation).!® Product 5a

could be obtained in good yields from both chlorobenzene and
DMF using benzoic acid (2a) as the acyloxylating reagent (Table
1, entries 9 and 19). However, when sodium benzoate (2a’) was
used as the substrate in DMF, the desired product 5a was not
obtained (middle equation). This negative result renders the
involvement of a carbocation mechanismi® or an S\2
mechanism via the intermediacy of 2-iodocyclohexanone in this
reaction3very unlikely. When NIS (3c) was added to the mixture
of cyclohexanone (1a), pyrrolidine (4a), and benzoic acid (2a), a
dark yellow solution formed immediately (vial D, Scheme 3). In
contrast, adding N-hydroxysuccinimide, which is incapable of
halogen bonding, to the same mixture showed no such color
change (vial C, Scheme 2). These observations support the
proposed halogen bonding between the enamine and NIS.
Based on these results, the following mechanism is proposed
[Scheme 2 (left side)]:1* The cyclohexanone enamine forms an
EDA complex?> (7) with NIS via halogen bonding. Under the blue
lightirradiation, the electron transfer between the enamine and
NIS leads to the formation of the enamine cation radical 8 and
a succinimidyl radical. A HAT reaction between benzoic acid and
the succinimidyl radical generates the benzoyloxyl radical,
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Scheme 2. Proposed reaction mechanism and images showing the formation of halogen-
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bonded complex (yellow).

which reacts with 8 to give the iminium intermediate 9. The
hydrolysis of 9 yields the expected product and completes the
organocatalytic cycle. As a support of the proposed radical
mechanism, adding TEMPO to the reaction mixture under the
optimized conditions completely suppressed the formation of
5a (Scheme 1, bottom equation). In addition, the presence of
oxygen also suppresses the formation of 5a (Table 1, entry 21).
Based on the proposed mechanism, if a chiral amine catalyst is
applied, potential asymmetric induction can be achieved in the
reaction product. Indeed, when catalyst 4d was used, product
(R)-5a was obtained in 37% yield and 44% ee (Eq. 1).

COzMe ]

0
+ PhCO,H +  NazC0q OCOP 0 1)
DMF, 4A MS
70 °C, Ar, 37%

(R)-5a (44% ee)

In summary, we have developed a photo-assisted halogen
bond-mediated direct a-acyloxylation method for the synthesis
of a-acyloxylated ketones using readily available carboxylic
acids as the a-acyloxylating reagents. The corresponding
products were obtained in good to high yields. An
enantioselective version of this reaction is currently under
development, and will be reported in due course.

This research is financially supported by the Welch
Foundation (AX-1593). The authors also thank the National
Science Foundation (CHE 1664278) for a post-doctoral
fellowship (to N. S.).

Conflicts of interest

There are no conflicts to declare.

Notes and references

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

w

10

11
12

13

14

15

(@) S. Murahashi, T. Saito, H. Hanaoka, Y. Murakami, T. Naota,
H. Kumobayashi, S. Akutagawa, J. Org. Chem. 1993, 58, 2929-
2930. (b) Y.-D. Wu, B. Huang, Y.-X. Zhang, X.-X. Wang, J.-J. Dai,
J. Xu, H.-J. Xu, Org. Biomol. Chem. 2016, 14, 5936-5939. (c) J.
C. Babcock, E. S. Gutsell, M. E. Herr, J. A. Hogg, J. C. Stucki, L
E. Barnes, W. E. Dulin, J. Am. Chem. Soc. 1958, 80, 2904-2905.
(d) M. C. Wani, H. L. Taylor, M. E. Wall, P. Coggon, A. T.
McPhail, J. Am. Chem. Soc. 1971, 93, 2325-2327.

(a) M. Fujita, T. Hiyama, J. Org. Chem. 1988, 53, 5415-5421.
(b) M. Hojo, H. Harada, H. Ito, A. Hosomi, J. Am. Chem. Soc.
1997, 119, 5459-5460. (c) P. C. Patil, F. A. Luzzio, D. R. Demuth,
Tetrahedron Lett. 2015, 56, 3039-3041. (d) G. Scheid, W. Kuit,
E. Ruijter, R. V. A. Orru, E. Henke, U. Bornscheuer, L. A.
Wessjohann, Eur. J. Org. Chem. 2004, 1063-1074.

X. Wang, G. Li, Y. Yang, J. Jiang, Z. Feng, P. Zhang, Chin. Chem.
Lett. 2020, 31, 711-714.

(a) M. Uyanik, D. Suzuki, T. Yasui, K. Ishihara, Angew. Chem.
Int. Ed. 2011, 50, 5331-5334. (b) P. Santhosh Kumar, B.
Ravikumar, K. Chinna Ashalu, K. Rajender Reddy, Tetrahedron
Lett. 2018, 59, 33-37. (c) P. Macias-Benitez, F. J. Moreno-
Dorado, F. M. Guerra J. Org. Chem. 2020, 85, 6027-6043.

(a) O. Lifchits, N. Demoulin, B. List, Angew. Chem. Int. Ed.
2011, 50, 9680-9683. (b) N. Demoulin, O. Lifchits, B. List,
Tetrahedron 2012, 68, 7568-7574. (c) M. S. Jadhav, P. Righi, E.
Marcantoni, G. Bencivenni, J. Org. Chem. 2012, 77, 2667-
2674. (d) M. Shimogaki, H. Maruyama, S. Tsuji, C. Homma, T.
Kano, K. Maruoka, J. Org. Chem. 2017, 82, 12928-12932.

L. A. Leth, L. Naesborg, G. J. Reyes-Rodriguez, H. N. Tobiesen,
M. V. lversen, K. A. Jgrgensen, J. Am. Chem. Soc. 2018, 140,
12687-12690.

For reviews, see: (a) S. Biswas, A. Das, ChemNanoMat 2021,
7,748-772. (b) D. Devadiga, T. N. Ahipa, J. Mol. Lig. 2021, 333,
115961. (c) Halogen Bonding in Solution. Wiley-VCH:
Weinheim, 2021. (d) J. Pancholi, P. D. Beer, Coord. Chem. Rev.
2020, 416, 213281.

For reviews, see: (a) S. Yamada, T. Konno, Curr. Org. Chem.
2020, 24, 2118-2152. (b) M. Breugst, J. J. Koenig, Eur. J. Org.
Chem. 2020, 5473-5487. (c) D. Bag, H. Kour, S. D. Sawant, Org.
Biomol. Chem. 2020, 18, 8278-8293. (d) R. L. Sutar, S. M.
Huber, ACS Catal. 2019, 9, 9622-9639.

(a) H. Matsui, M. Murase, T. Yajima, Org. Biomol. Chem. 2018,
16, 7120-7123. (b) T. Yajima, M. Murase, Y. Ofuji, Eur. J. Org.
Chem. 2020, 3808-3811.

(a) J. Li, E. Kwon, M. J. Lear, Y. Hayashi, Helv. Chim. Acta 2021,
104, €2100080. (b) V. Stilinovi¢, G. Horvat, T. Hrenar, V.
Nemec, D. Cinci¢, Chem. Eur. J. 2017, 23, 5244-5257. (c) I.
Castellote, M. Morén, C. Burgos, J. Alvarez-Builla, A. Martin,
P. Gémez-Sal, J. J. Vaquero, Chem. Commun. 2007, 1281-
1283. (d) J. Li, M. J. Lear, Y. Kawamoto, S. Umemiya, A. R.
Wong, E. Kwon, I. Sato, Y. Hayashi, Angew. Chem. Int. Ed.
2015, 54, 12986-12990.

S. Guha, G. Sekar, Chem. Eur. J. 2018, 24, 14171-14182.

F. Wu, J. P. Ariyarathna, N. Kaur, N.-E. Alom, M. L. Kennell, O.
H. Bassiouni, W. Li, Org. Lett. 2020, 22, 2135-2140.

Using pure enamine will result in quick generation of the
enamine cation radical 8 and a succinimidyl radical (see the
proposed mechanism), which will lead to side products if the
subsequent steps of the reaction are slow.

Alternatively, the electron transfer can form an iodine radical
and a succinimide anion, and then the HAT can be achieved
by the iodine radical. For a discussion on alternative
mechanisms, please see the Supporting Information.

For examples of EDA complexes between enamines and alkyl
halides, see: (a) E. Arceo, A. Bahamonde, G. Bergonzini, P.
Melchiorre, Chem. Sci. 2014, 5, 2438-2442. (b) A. Bahamonde,
P. Melchiorre, J. Am. Chem. Soc. 2016, 138, 8019-8030.

This journal is © The Royal Society of Chemistry 20xx



