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Abstract: The oxidative C—O cross-coupling of 1,3-
dicarbonyl compounds and their heteroanalogues, 2-
substituted malononitriles and cyanoacetic esters,
with N-substituted hydroxamic acids and N-hydroxy-
imides was realized. The best results were obtained
with the use of manganese(Ill) acetate [Mn(OAc);]
or the cobalt(Il) acetate catalyst [Co(OAC),. ]/po-
tassium permanganate [KMnO,] system as the oxi-

dant. The synthesis can be scaled up to gram quanti-
ties of coupling products; yields are 30-94%. The re-
action proceeds via a radical mechanism through the
formation of nitroxyl radicals from N-substituted hy-
droxamic acids and N-hydroxyimides.

Keywords: cobalt; coupling; hydroxamic acids; hy-
droxyimides; manganese; oxidation

Introduction

The oxidative C—C cross-coupling with the involve-
ment of 1,3-dicarbonyl compounds is one of the
prominent fields of modern organic synthesis. Meth-
ods were developed for the coupling of 1,3-diketones,
keto esters, diesters, and keto amides with a wide
range of organic compounds, such as amines,'™
amides,” ethers,**”l thioethers*® alkanes!” in-
doles," and compounds containing benzyl!!*¢511-16]
or allyl'*"l moieties. Peroxides, oxygen, or quinones
combined with inexpensive transition metal salts
(copper, iron, cobalt, and manganese salts) are gener-
ally used as oxidants, thus enabling the adaptation of
these methods in laboratory practice.

Oxidative C—O coupling reactions were developed
to a much lesser extent compared to the C—C cross-
coupling. The development of these methods is limit-
ed by the ease of side oxidation reactions of the start-
ing molecules giving alcohols, carbonyl compounds,
and fragmentation products. The nucleophilic substi-
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tution is still the main method used for the introduc-
tion of OR groups into the molecules to form the
C(sp*)—OR moiety. The disadvantage of this approach
is the necessity to introduce a leaving group (Hal,
OH, OTs, and so on) into the molecule. Besides, nu-
cleophilic substitution reactions are often accompa-
nied by side elimination reactions.

Most of the known oxidative C—O coupling reac-
tions with the participation of 1,3-dicarbonyl com-
pounds were performed with the use of iodine-con-
taining oxidants."S*! These reactions proceed via an
ionic mechanism involving the attack of the electro-
philic iodine atom on the enol of the dicarbonyl com-
pound followed by the replacement of the iodine-con-
taining moiety by a O-nucleophile to form a C-O
coupling product.'"*?!! JTodine compounds were used
to perform the coupling reactions of dicarbonyl com-
pounds with alcohols,'3?2%) sulfonic acids,81%212224]
carboxylic acids,"**! and phosphorus compounds.''#%’l

Our aim was to expand the scope of the oxidative
C—O coupling. For this purpose, we performed for the
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Scheme 1. Oxidative C—O cross-coupling of dicarbonyl compounds and their heteroanalogues 1 with N-substituted hydroxyl-

amines 2 and 4.

first time the oxidative C—O cross-coupling of N-sub-
stituted hydroxamic acids and N-hydroxyimides 2
with B-dicarbonyl compounds, diketones, keto esters,
diesters, and 2-substituted malononitriles and cyano-
acetic esters 1 (Scheme 1, reaction B). Under the opti-
mized conditions, a wide variety of the previously un-
known products 3 was synthesized, including sterically
hindered compounds. Recently, structurally related
products 5 have been synthesized by the enantioselec-
tive O-nitrosocarbonyl aldol reaction of B-keto esters
and B-keto thioesters (Scheme 1, reaction A ).

The reaction A produces nitrosocarbonyl inter-
mediate BocNO 6 from hydroxamic acid analogue
BocNHOH 4, and the N=0O bond in this intermediate
exhibits electrophilic properties in the reaction with
dicarbonyl compound 1. The nitrosocarbonyl inter-
mediates can also be involved in the ene reaction**?’
and the Diels-Alder cyclization.”** N-Substituted
hydroxamic acids and N-hydroxyimides 2= used in
the present study show a radically different reactivity.
The reactions of these compounds with oxidizing
agents produce nitroxyl radicals 7.7 The latter can
add to the double bond,***! abstract hydrogen atoms
from the benzylic,**! allylic,”’""! or propargylic!**>!l
positions, from the o-position of alcohols,**?
ethers,[**¥"3%l and from tertiary and secondary carbon
atoms of alkanes,?6-37444%.54]

A few reactions with the involvement of dicarbonyl
compounds, which are related to that investigated in
the present study, were described in the literature: the
oxidative coupling with stable 4-methoxy-2,6-diphe-
nylphenoxyl radicals,” with +-BuOOH in the pres-
ence of transition metal salts,”® with stable nitroxyl
radical TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl)
in the presence of a strong base and the oxidant
CuCl, or Fe(cp),PF;,”* or under photocatalytic con-
ditions.’”! To the best of our knowledge, only isolated
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examples of oxidative C—O!*! and C—C!" coupling re-
actions with malononitrile and cyanoacetic ester de-
rivatives are reported.

Target products 3 have attracted interest because of
a wide range of biological activities of structurally re-
lated compounds.” ") The products of the coupling
with N-hydroxyphthalimide (NHPI) are of special in-
terest. Compounds containing the phthalimide N-oxyl
moiety serve as convenient precursors of O-substitut-
ed hydroxylamines due to the ease of removal of the
phthalic acid moiety. They are used in the synthesis of
compounds having specific antagonistic,® inhibito-
ry,[®7 antiprotozoal,” 7 and fungicidal™7 activi-
ties. This is why we have paid special attention to the
coupling with NHPI and performed numerous experi-
ments on these reactions. In turn, 1,3-dicarbonyl com-
pounds, malononitrile and cyanoacetic ester deriva-
tives are key intermediates in the synthesis of hetero-
cyclic compounds.

Results and Discussion

The starting reagents used for the study were N-hy-
droxyphthalimide 8a, N-hydroxysuccinimide 8b, N-hy-
droxy-N-phenylacetamide 8¢, N-hydroxy-N-isopropyl-
benzamide 8d, N-hydroxy-N-phenylbenzamide 8e,
and N-(4-chlorophenyl)-N-hydroxyacetamide 8f com-
bined with 2-substituted acetylacetones 9a—c, aceto-
acetic esters 10a—g, malonic esters 11a and b, malono-
nitriles 12a and b, and cyanoacetic esters 13a and
b (Scheme 2).

In the first step, to find the optimal conditions, we
studied the oxidative coupling of ethyl 2-acetylhexan-
oate 10c with NHPI 8a (Table 1). The reactions were
performed in CH;COOH, MeCN, EtOAc, and CHCl;
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Scheme 2. Oxidative C—O cross-coupling of dicarbonyl compounds 9-11 and their heteroanalogues 12 and 13 with N-
hydroxyimides 8a and b and N-substituted hydroxamic acids 8c—f.

at temperatures from 25 to 80°C with the use of dif-
ferent oxidants.

Manganese, cobalt, cerium, copper, lead, iron, and
chromium salts (runs 1-24), metal-oxygen and metal-
peroxide systems (runs 25-29), and peroxides (runs
30-32) were used as the oxidants.

The best results were obtained with the use of the
one-electron oxidants Mn(OAc); (runs 1-3), CAN
(run 19), and the Co**_,,/KMnO, system (runs 12-15).
We suppose that in the latter case, Co*t is trans-
formed into Co®*, and the latter acts as the oxidant.
The generation of phthalimide N-oxyl radicals
(PINO) from NHPI in the presence of Mn(OAc); was
confirmed by ESR spectroscopy (see the Supporting
information). It is known that CAN,*¥ the Co**/oxi-
dant system,P!3363745351-54 and Pb(OAC),""" generate
PINO radicals from NHPI. However, the reaction
under study with Pb(OAc), is characterized by a low
conversion of 10c and low selectivity (run 20). The
yield of coupling product 27 in the reactions with the
use of the Co**/KMnO, and Co**/Pb(OAc), systems
(runs 12-15 and 21) is substantially higher than that
in the reactions with the oxidants KMnO,
and Pb(OAc), (runs 10, 11 and 20). The salts
Mn(OAc),37 and CANE8I and the Co?*/oxidant
system®® have found use in the oxidative addition
of 1,3-dicarbonyl compounds to alkenes proceeding
via the one-electron oxidation of the former. There-
fore, the experimental results and the literature data
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suggest that the oxidant in the reaction under study is
involved both in the one-electron oxidation of 1,3-di-
carbonyl compounds and the oxidation of NHPI to
form PINO.

Cobalt acetate catalyzes the oxidative coupling in
the presence of oxygen (run26) or peroxides
(runs 28-29), but this reaction is accompanied by the
hydroxylation of keto ester 10c to form ethyl 2-acetyl-
2-hydroxyhexanoate 38. The reactions with the use of
peroxides in the absence of metal salts are character-
ized by a low conversion of 10¢, and the target prod-
uct was not detected (runs 30-32).

The optimal temperature for this reaction is 60°C.
Thus, the reduction of the temperature leads to a sub-
stantial decrease in the yield with retention of the
complete conversion of keto ester 10¢ (runs 4 and 5
versus run 1), whereas the yield remains unchanged as
the temperature is raised to 80°C (run 3). In runs 2
and 14 with the use of Mn(OAc);2H,0 and Co-
(OACc),/KMnO, at 60°C, the complete conversion of
10c was achieved in 10min. In runs6-8 with
Mn(OAc);2H,0, the use of MeCN, EtOAc, or
CHCI; instead of CH;COOH leads to a decrease in
the yield of 27 and the conversion of 10c.

All reactions were carried out in air; the reaction
performed under an argon atmosphere (run 15) af-
forded the target product in approximately the same
yield.

asc.wiley-vch.de 3
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Table 1. Effect of the nature of the oxidant, the solvent, the temperature, and the reaction time on the yield of oxidative cou-

pling product 27.1

(0] (@]
(0] (0] HO
N ° OEt
OEt e} oxidant ;5<(U)\\ 0
+ — E— N
—
10c 8a 27

Run Oxidant (mole of the oxidant per mole of Temperature Solvent Conversion of 10c Yield of 27

10c) [°C] [%] [%]
1 Mn(OAc);2H,0 (2) 60 CH;COOH 100 87
201 Mn(OAc);2H,0 (2) 60 CH,COOH 100 87
31 Mn(OAc),2 H,0 (2) 80 CH,COOH 100 87
4 Mn(OAc);2H,0 (2) 40 CH;COOH 100 71
5 Mn(OAc);2H,0 (2) 25 CH,COOH 100 55
6 Mn(OAc);2H,0 (2) 60 MeCN 92 48
7 Mn(OAc);2H,0 (2) 60 EtOAc 45 16
8 Mn(OAc);2H,0 (2) 60 CHClI, 52 33
9 MnO, (1) 60 CH;COOH 100 46
10 KMnO, (0.4) 60 CH;COOH 100 39
119  KMnO, (0.4) 60 CH;COOH 100 63
12 Co(NO;),6 H,0 (0.05); KMnO, (0.4) 60 CH,COOH 100 80
13 Co(OAc),4H,0 (0.05); KMnO, (0.4) 60 CH;COOH 100 80
14PT Co(OAc),-4H,0 (0.05); KMnO, (0.4) 60 CH,COOH 100 81
151 Co(OAc),-4H,0, (0.05); KMnO,, (0.4) 60 CH;COOH 100 82
16 Mn(OAc),-4H,0 (0.05); KMnO, (0.4) 60 CH;COOH 100 45
17 Cu(OAc),H,0 (0.05); KMnO, (0.4) 60 CH;COOH 100 44
18  Fe(NO;);9H,0 (0.05); KMnO, (0.4) 60 CH;COOH 100 45
19 CAN (2) 60 CH,COOH 100 74
20  Pb(OAc), (1) 60 CH;COOH 41 12
21 Co(OAc),4H,0 (0.05); Pb(OAc), (1) 60 CH,COOH 86 61
22 Cu(OAc),H,0 (2) 60 CH;COOH 9 0
23 FeCl; (2) 60 CH;COOH 13 0
24 Co(OAc),4H,0 (0.05); K,Cr,0, (0.33) 60 CH;COOH 100 50
251 Mn(OAc),-4H,0 (0.05), O, 60 CH;COOH 28 0
261 Co(OAc),4H,0 (0.05), O, 60 CH,COOH 100 41
27  Mn(OAc),4H,0 (0.05); (NH,),S,05 (1) 60 CH;COOH 55 0
281 Co(OAc),4H,0 (0.05); (NH,),S,05 (1) 60 CH;COOH 100 37
29 Co(OAc),4H,0 (0.05); H,0, 35%aq. (1.0) 60 CH;COOH 100 35
30  MCPBA (1) 60 CH;COOH 30 0
31  BzOOBz (1) 60 CH,COOH 9 0
32 (NH,),S,05 (1) 60 CH;COOH 5 0

() General reaction conditions: the oxidant was added with stirring for 30s to a mixture of ethyl 2-acetylhexanoate 10¢
(200 mg, 1.07 mmol), NHPI 8a (175 mg, 1.07 mmol) and 5 mL of the solvent, which was heated to the specified tempera-
ture, and then the reaction mixture was stirred at the same temperature for 45 min. In runs 12-18, 21, 24, and 27-29, the
salts Co(OAc),4H,0, Co(NO;),:6H,0, Mn(OAc),4H,0, Cu(OAc),'H,0. or Fe(NO;);;9H,0 were added 1 min before

the addition of the oxidant.
] The reaction time was 10 min.
[l KMnO, was added portionwise for 5 min.
[l The reaction was performed under an argon atmosphere.

[} Oxygen was bubbled through the reaction mixture (0.3 mLs™").
M Ethyl 2-acetyl-2-hydroxyhexanoate 38 was isolated as the by-product in 35-40 % yield.

Under the optimized conditions of the synthesis of
27 (Table 1, runs 2 and 14), we performed the oxida-
tive coupling of N-hydroxyimides 8a and b and N-sub-
stituted hydroxamic acids 8c—f with 1,3-dicarbonyl

compounds 9-11 and their heteroanalogues 12 and 13
(Table 2). Disadvantages of the oxidants Mn(OAc),
and CAN are their relatively high cost and large con-
sumption. Thus, at least two moles of the oxidant are

4 asc.wiley-vch.de © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Oxidative coupling of N-hydroxyimides 8a and b and N-substituted hydroxamic acids 8c—f
with 1,3-dicarbonyl compounds 9-11 and their heteroanalogues 12 and 13.*"!

Run C-H Reactant N-OH Reactant Products 14-37 Yield [%]
(conversion of 9-13 [%])

e 9 Ho, O
N
1 9a 8a O\ 14 o 77 (100)!
o o j\ 0O O .
_OH
N
2 9a *ﬁi 8c 15 o‘NJ\ 72 (100),[81 63 (100)®!
0 O
0O O o o
_OH o
N 16 N l2]
3 9a )Kii 8d ©);\ )ib 80 (100)
o o o 0O O
el o
4 9% 8e 17 O\NJ\© 85 (100)!
(e} (0] o) o)

Nt %
o 47 (100)!
%j 18 e

5 9b

8b
6 9b JE 8a

8f

8a

oy

O\
N
19 % 75 (100)@
© Ph N-®
O —
o)
)LN OH )><U\ o
© 20 o‘NJ\ 79 (100)@l
N

HO,

H
21 )% 90 (100)!
o 50 (100)
Br N O

N
O
Z
Cl
O
Z

[ee]
©
1]
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Table 2. (Continued)

Products 14-37

Yield [%]

Run C-H Reactant N-OH Reactant
(conversion of 9-13 [%])
HO, O
0 O N
9 10a Moa 8a 07N 90 (100)P!
o}
o o )I\N,OH
10 10a MOB f © 78 (100),[81 57 (78)!
Cl
o) o) HO\N O
11 10b ogt 8a 94 (100)!
o}
o)
O O -
12 1ob )F)koa 8 Y 44 (100)°!
Q Q HO, O
13 10c OFEt 8b M 85 (100)®!
o)
6 O HO O
14 10c oet 8 N 87 (100),141 81 (100),2
N7 82 (100!
O O
OEt HO, O
N OEt
15 10d 8a 28 o 83 (100)!
0
O O
HO ©
OEt \N
10e 2 la] [b]
16 P 8a o 9 81 (100),141 77 (100)
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Table 2. (Continued)
Run C-H Reactant N-OH Reactant Products 14-37 Yield [%]
(conversion of 9-13 [%])
O O
0 O
17 N 30 - OFt 90 (100!
Y N_O
NC” 5= :/E
\N 0 o O
18 3 93 (100),121 88 (100)[°]
OEt
O
COOEt EtOOC N
O%
o o HO O o 0
N
19 Ma g OEt 8a 32 E0” >< Okt 0(5).12°"130 (40),1°
o e 30 (59),[1 30 (55)1!
O%
O O
HO, O
2 Q@ Q N EtOMOEt a o
11bEtOMOEt 8a 33 e 50 (60),19 67 (81)
Ph o%
NC._CN HO, O o
21 12a 8a N 34 NC o 60 (82)
o Y’ NC N
O
NC._ _CN
NC._CN HO O b
22 12b j/ g8a N 35 R<o\ . 80 (96) [ 55 (63)P!
Ph 0N/ Pg N
—
(0]
.OH
23 12b NCJ/CN e N 0 (4)
NC._ _COOEt
HO O <5
24 13a NCTCOOEt 8a N 36 N0 51(62)
0 o= /?
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Table 2. (Continued)

Run C-H Reactant N-OH Reactant Products 14-37 Yield [%]
(conversion of 9-13 [%])
HO, 0 NC.__COOEt
25 13b NCJ/COOEt ga N 37 %O\ o 61 (70)
Ph N
O
Ph o= _
HO O
O O \
26 N—\é
)J\/U\ 8a 0
o)
0O O o HO, O
27 a N 0
/U\/U\oEt %
@)
HO, O
28 NC._CN 8a N—g 0
)

[a]

[b]

e]

[d]

[e]

[f]
[e]

Method A: Mn(OAc);2H,0 (0.453-1.62 g, 1.69-6.06 mmol, 2 moles per mole of the C-H reac-
tant) was added with stirring for 30 s to a warm (60°C) mixture of C—H reactant 9-13, acetyla-
cetone, acetoacetic ester or malononitrile (200 mg, 0.846-3.03 mmol), O—H reactant 8a—f (121-
493 mg, 0.846-3.03 mmol, 1 mole per mole of the C—H reactant), and CH;COOH (4.2-15 mL,
5mL per mmole of the C—H reactant), and then the mixture was stirred at 60°C for 10 min.
Method B: Co(OAc),4H,0 (11.3-17.3 mg, 45.4-69.3 pmol, 0.05 mole per mole of the C—H re-
actant) was added with stirring to a warm (60°C) mixture of C—H reactant 9-12 (200 mg,
0.908-1.39 mmol), O—H reactant 8a, b, or ¢ (124-226 mg, 0.908-1.39 mmol, 1 mole per mole of
the C—H reactant), and CH;COOH (4.5-7 mL, 5 mL per mmole of the C—H reactant); after
1 min, KMnO, (57.4-87.7 mg, 0.363-0.555 mmol, 0.4 mole per mole of the C-H reactant) was
added for 30 s, and then the mixture was stirred at 60°C for 10 min.

The reaction was performed according to method A, but a double amount of N-(4-chloropheny-
l)acethydroxamic acid 8f was used.

The synthesis was performed according to method B, but the amounts of the reactants were in-
creased by a factor of 10.

The reaction was performed according to method A but at 80°C

The reaction was performed according to method A but at 80°C; the reaction time was 45 min.
The reaction was performed according to method A but under reflux (111-113°C), the reaction
time was 4 min.

required for the formation of one mole of the prod-
uct. From this point of view, the Co(OACc),.,/KMnO,
system has advantages, because it includes inexpen-
sive potassium permanganate and only 0.4 mole of
the oxidant is consumed per mole of the product. Fur-
ther experiments were performed according to two
procedures: with the use of Mn(OAc); (method A)
and the Co(OAC),,/KMnO, system (method B).

As can be seen from Table 2, the coupling reaction
proceeds efficiently with the use of structurally differ-
ent N-hydroxyimides, N-substituted hydroxamic acids,
1,3-keto esters, and 1,3-diketones (runs 1-18). The ox-
idative coupling of acetylacetone derivatives 9a—c and

8 asc.wiley-vch.de
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acetoacetic ester derivatives 10a-g afforded products
14-31 in high yields (up to 94%), despite the fact that
the starting compounds contain bulky substituents
near the reaction centers or the easily oxidizable
benzyl and allyl moieties (runs 6, 15, 16), which can
react with PINQ.[3¢-3843-50]

We also successfully performed the oxidative cou-
pling with 2-substituted malonic esters, malononitriles,
and cyanoacetic esters (runs 19-25). These reactants
exhibit lower reactivity compared to 1,3-diketones
and keto esters. Thus, the incomplete conversion of
compounds 11-13 was observed, and the coupling oc-
curred only with NHPI. The reaction of benzylmalo-
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nodinitrile 12b with NHPI afforded coupling product
35 in 80% yield (run 22). An attempt to perform the
coupling of the same dinitrile with N-phenylacethy-
droxamic acid 8¢ (run 23) resulted in the recovery of
starting 12b. This fact can be attributed to the lower
reactivity of nitroxyl radicals generated from N-sub-
stituted hydroxamic acids compared to the PINO rad-
ical generated from NHPL®! Coupling product 32
was synthesized by the coupling of diethyl ethylmalo-
nate 11a with NHPI at 80°C. At 60°C, the reaction
does not proceed (run 19). A further increase in the
reaction temperature and time does not lead to an in-
crease in the yield of 32 (run 19, footnotes [e]-[g]).

The investigation of the reaction of ethyl 2-methyl-
acetoacetate 10a with N-(4-chlorophenyl)acethy-
droxamic acid 8f (run 10) showed that the doubling of
the amount of hydroxamic acid 8f leads to a decrease
in the yield of coupling product 23 and the conversion
of keto ester 10a (run 10, footnote [c]). Apparently, in
the presence of an excess of hydroxamic acid,
Mn(OAc); is consumed for its oxidation to the nitrox-
yl radical. This result additionally confirms the in-
volvement of the oxidant not only in the generation
of nitroxyl radicals but also in the oxidation of dicar-
bonyl compounds.

All B-dicarbonyl compounds and their heteroana-
logues, which were successfully involved in the cou-
pling reactions, contain a substituent in the o position.
Coupling products are not obtained from compounds
containing no substituents in this position (runs 26—
28). Thus, the reaction of ethyl butyrylacetate 39 with
NHPI in the presence of Mn(OAc); gives phthalimide
40, N-butyryloxyphthalimide 41, and N-acetoxyphtha-
limide 42. The probable pathway of the reaction
yielding products 40-42 is shown in Scheme 3.

The initially formed target oxidative coupling prod-
uct A undergoes the fragmentation under the reaction
conditions to give phthalimide 40 and the tricarbonyl

compound B. The latter transforms into anhydride C,
which reacts with NHPI to form 41 and 42. N-Alkox-
yphthalimides undergo similar fragmentation at high
temperaturesm or at room temperature in the pres-
ence of a ruthenium-containing catalyst under visible
light 8]

The plausible pathway for the oxidative coupling of
1,3-dicarbonyl compounds with N-hydroxyimides and
N-substituted hydroxamic acids is depicted in
Scheme 4.

The nitroxyl radicals D are generated from hydrox-
ylamine derivatives 8 in the presence of the oxidant.
The reaction of the radical D with the enolate E af-

(e} (e}
e H
yai
8 9-11
Mn+1 i_ Mn+ Mn+1l
Mn+1
L] / ...
O\ o (0] iO
Yo \)YY
D E
¢_ Mn+
(@]
(o]
O\ O
ljﬁl
14-33

Scheme 4. Plausible pathway of the oxidative coupling of
1,3-dicarbonyl compounds with N-hydroxyimides and N-sub-
stituted hydroxamic acids.

o} O
PrMOEt H
e} le) NHPI 10) o} o} N
)]\/U\ —>Mn(OAC)3 \N ° > ° ©
Pr OEt —» p OEt *+ —
O =
39 Opg
A Mn(OAC); 40, 40%
L — AcOH
(0] 0}
0 NHPI (0] o
A A | I =— A
pr” Yo~ o N Pr” Y0
[®) ) Cc
41, 23% 42, 22%
Scheme 3. Plausible pathway of the reaction of ethyl butyrylacetate 39 with NHPI and Mn(OAc);.
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fords coupling products 14-33. In this step, the metal
in the complex E is necessary for the one-electron ox-
idation of the dicarbonyl compound. The coupling
with 2-substituted malononitriles 12a and b and 2-sub-
stituted cyanoacetic esters 13a and b apparently pro-
ceeds via a similar mechanism. The formation of the
nitroxyl radicals D in the reaction mixture was con-
firmed by the ESR study of the coupling of NHPI
with ethyl 2-acetylhexanoate (see the Supporting in-
formation).

To the best of our knowledge all oxidative coupling
products 14-37 are new. All these products were char-
acterized by 'H and C NMR spectroscopy, IR spec-
troscopy, elemental analysis, EI mass spectrometry,
and HR-MS. The structure of compound 19 was addi-
tionally confirmed by X-ray diffraction (see the Sup-
porting information).

Conclusions

The available approaches to the coupling of two or-
ganic molecules accompanied by the C—O bond for-
mation are generally based on the substitution reac-
tions with the use of O-nucleophiles. In this work, we
propose a new oxidative C—O cross-coupling based
on the reaction of 2-substituted 1,3-dicarbonyl com-
pounds and their heteroanalogues with O-centered
radicals generated in situ from N-substituted hydroxa-
mic acids and N-hydroxyimides in the presence of
metal-containing oxidants. The best results were ob-
tained with the use of Mn(OAc); or the Co(OAC),,/
KMnO, system.

The oxidative coupling occurs only with 1,3-dicra-
bonyl compounds containing a substituent at position
2. The coupling products generated from 2-unsubsti-
tuted 1,3-dicarbonyl compounds apparently undergo
fragmentation under the reaction conditions.

The developed approach was used to synthesize
a wide structural series of new multifunctionalized
compounds, which can be used in the synthesis of hy-
droxylamine derivatives and heterocyclic compounds.

Experimental Section

The NMR spectra were recorded on a Bruker AM-300 spec-
trometer (300.13 MHz for 'H and 75.48 MHz for “C) in
CDCL. The IR spectra were recorded on a Bruker ALPHA
FT-IR spectrometer. Mass spectra were recorded using
Kratos MS 30 mass spectrometer. High resolution mass
spectra (HR-MS) were measured on a Bruker maXis instru-
ment using electrospray ionization (ESI).*™ The measure-
ments were performed in a positive ion mode (interface ca-
pillary voltage was 4500 V); the mass range from m/z 50 to
m/z 3000 Da; external calibration with Electrospray Cali-
brant Solution (Fluka). The syringe injection was used for
all acetonitrile solutions (flow rate was 3 uLmin™"'). Nitro-
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gen was used as the dry gas; the interface temperature was
set at 180°C. The melting points were determined on
a Kofler hot stage and are uncorrected.

Column chromatography was performed on SiO, (0.060—
0.200 mm, 60 A, Acros). Commercial CH,Cl,, CHCl;, ethyl
acetate, MeCN, and acetic acid of high purity grade were
used as is.

Mn(OAc);2H,0 98%, MnO, 80-85%, KMnO, 99+ %,
Co(NO;),6H,0 99+4+%, Co(OAc),4H,0 98-102%,
Mn(OAc),4H,0 99+ %, Cu(OAc),'H,0 98+ %,
Fe(NO;);9H,0 994+ %, (NH,),Ce(NO;)s 99%, Pb(OAc),
95% stabilized, FeCl; 98%, K,Cr,0; 99.5%, (NH,),S,04
98+ %, H,O, (35% aqueous solution, stabilized), 3-chloro-
peroxybenzoic acid (MCPBA, 70-75%, balance 3-chloro-
benzoic acid and water), dibenzoyl peroxide (BzOOBz,
75%, remainder water), N-hydroxyphthalimide 98%, N-hy-
droxysuccinimide 98+ %, acetylacetone 99+ %, ethyl ace-
toacetate 99+ %, malononitrile 99%, ethyl 2-methylacetoa-
cetate 95% (10a), diethyl acetylsuccinate 99% (10g), diethyl
ethylmalonate 99% (11a), and diethyl phenylmalonate 98%
(11b) were commercial reagents (Acros). KMnO, and
K,Cr,O, were fine powders.

2-Substituted 1,3-dicarbonyl compounds 9a,* 9b,™" 9¢ "]
10b,°7 10¢, 104,54 10e,° 10£ 2-substituted malononi-
triles 12a,”” 12b,) 2-substituted cyanoacetic esters 13a,""
13b,! and N-substituted hydroxamic acids 8¢,'! 84,1
811" were synthesized according to the literature.

CCDC 930840 contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Experiment to Table 1

The oxidant was added with stirring for 30s [in run 11,
KMnO, was added for 5 min; in runs 12-18, 21, 24, and
27-29, the salts Co(OAc),4H,0, Co(NO;),6H,0,
Mn(OAc),-4H,0, Cu(OAc),-H,0O, or Fe(NO;);9H,0 were
initially added, and after one min the oxidant given in the
second place was added for 30 s; in runs 25 and 26, a stream
of oxygen was bubbled through the reaction mixture at
a rate of 0.3 mLs™" until the synthesis was completed] to
a mixture of ethyl 2-acetylhexanoate 10c (200 mg,
1.07 mmol), NHPI 8a (175 mg, 1.07 mmol) and the solvent
(CH;COOH, MeCN, EtOAc or CHCl;; 5mL) heated to
a specified temperature (25, 40, 60, or 80°C). Then the reac-
tion mixture was stirred for 45 min (10 min in runs 2, 3, and
14) at the same temperature. Run 15 was performed under
an argon atmosphere. The other experiments, except for
runs 25 and 26 (where oxygen was used as the oxidant),
were carried out in air.

The reaction mixture was cooled to room temperature.
Then CHCl; (10mL) and a solution of Na,S,0;5H,0
(200 mg) in H,O (20mL) were added, the mixture was
shaken [when Mn(OAc);2H,0, MnO,, or KMnO, were
used as the oxidants, the reaction mixture was dark-brown
after the completion of the synthesis, and the mixture was
shaken until the organic layer became completely or almost
completely colorless], the organic layer was separated, and
the aqueous layer was extracted with CHCl; (2x 10 mL). All
organic extracts were combined, successively washed with
a saturated aqueous NaHCO; solution (15mL) and H,O
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(20 mL), and dried with MgSO,. The solvent was rotary
evaporated. The products were isolated by column chroma-
tography on silica gel using CH,CL/EtOAc as the eluent
with an increasing gradient of the latter from 0 to 20%.

Experiment to Table 2

Method A: Mn(OAc);2H,0 (0.453-1.62 g, 1.69-6.06 mmol,
2 moles per mole of the C—H reactant) was added with stir-
ring for 30 s to a mixture of C—H reactant 9-13, acetylace-
tone, acetoacetic ester or malononitrile (200 mg, 0.846—
3.03mmol), O—H reactant 8a-f (121-493mg, 0.846-
3.03 mmol, 1 mole per mole of the C—H reactant), and
CH,;COOH (4.2-15 mL, 5 mL per mmole of the C—H reac-
tant), which was heated to 60°C {80°C in the runs with foot-
notes [e] and [f]; to boiling (111-113°C) in the run with
footnote [g]}. Then the mixture was stirred at the same tem-
perature for 10 min (45 min in the run with footnote [f];
4 min in the run with note [g]). The products were isolated
according to the procedure described in the Experiment to
Table 1.

In run 10 with footnote [c], a double amount of N-(4-
chlorophenyl)acethydroxamic acid 8f was used as compared
to the general procedure (515 mg, 2.77 mmol, 2 moles per
mole of 10a).

Method B: Co(OAc),4H,0 (11.3-17.3mg, 45.4-
69.3 umol, 0.05 mole per mole of the C—H reactant) was
added with stirring to a mixture of C—H reactant 9-12
(200 mg, 0.908-1.39 mmol), O—H reactant 8a, b, ¢ (124-
226 mg, 0.908-1.39 mmol, 1 mole per mole of the C—H reac-
tant), and CH;COOH (4.5-7 mL, 5 mL per mmol of the C—
H reactant) heated to 60°C. After 1 min, KMnO, (57.4-
87.7 mg, 0.363-0.555 mmol, 0.4 mole per mole of the C—H
reactant) was added for 30s, and the reaction mixture was
stirred at the same temperature for 10 min. The products
were isolated according to the procedure described in the
Experiment to Table 1.

Ethyl 2-A cetyl-2-(N-phthalimidyloxy)hexanoate 27
(Experiment with an increase in the amounts of the
reactants by a factor of 10; Table 2, run 14, footnote

[dD

Co(OACc),-4H,0 (134 mg, 0.537 mmol, 0.05 mole per mole
of 10c) was added to a mixture of ethyl 2-acetylhexanoate
10c¢ (2.00 g, 10.7 mmol), N-hydroxyphthalimide 8a (1.75 g,
10.7 mmol, 1 mole per mole of 10¢), and CH;COOH
(10 mL) heated to 60°C. After 1min, KMnO, (679 mg,
4.30 mmol, 0.4 mole per mole of 10¢) was added for 30s,
and the reaction mixture was stirred at this temperature for
10 min.

The reaction mixture was cooled to room temperature,
CHCI; (15 mL) and a solution of Na,S,0;-5H,0 (200 mg) in
H,O (30 mL) were added, the reaction mixture was shaken,
and the organic layer was separated. The aqueous layer was
extracted with CHCl; (2x10 mL). All organic extracts were
combined, successively washed with a saturated aqueous
NaHCO; solution (15 mL) and H,O (20 mL), and dried with
MgSO,. The solvent was removed on a rotary evaporator.
Crude ethyl 2-acetyl-2-(N-phthalimidyloxy)hexanoate 27
was obtained as a viscous pale orange oil (see the 'H and
BCNMR spectra in the Supporting information); yield:
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3.66 g. The product was purified by column chromatography
on silica gel using CH,Cl,/EtOAc as the eluent with an in-
creasing gradient of the latter from 0 to 20%. Ethyl 2-
acetyl-2-(N-phthalimidyloxy)hexanoate 27 was obtained;
yield: 3.06 g (8.81 mmol, 82%).
N-[(1,1-Diacetylpentyl)oxy]pthalimide (14): Colorless
crystals; mp 86-87°C; 'HNMR (300.13 MHz, CDCL;): 6=
7.90-7.71 (m, 4H, ArH), 2.45 (s, 6H, 2CHj;), 1.99-1.83 (m,
2H, CH,), 1.32-1.11 (m, 4H, 2CH,), 0.80 (t, J=7.3 Hz, 3H,
CH;); “C NMR (7547 MHz, CDCl;): 6=202.8 (C=0),
164.3 (NC=0), 135.0 (CH,,), 128.9 (C,,), 124.0 (CH,,), 98.1
(CON), 29.5 (CH,), 27.3 (2CH;), 254, 23.1 (CH,), 13.7
(CH,); IR (KBr): vy, =2965, 2938, 2903, 2882, 2858 (CH,,
CH,), 1792, 1738, 1726 (C=0), 1372, 1357, 1186, 1131, 980,
876, 704 cm™'; MS (70 eV): m/z (%) =174 (24), 147 (100),
130 (26), 105 (46), 85 (83), 57 (48), 55 (46); HR-MS (ESI):
mlz=340.1144, caled. for C;H;()NOs+Na™: 340.1155; ele-
mental analysis calcd. (%) for C;;H;(NOs: C 64.34, H 6.03,
N 4.41; found: C 64.31, H 5.96, N 4.36.
N-[(1,1-Diacetylpentyl) oxy]-N-phenylacetamide (15): Pale
yellow oil; 'H NMR (300.13 MHz, CDCl,): 6 =7.49-7.36 (m,
3H, ArH), 7.36-7.28 (m, 2H, ArH), 2.13 (s, 6H, 2CHs;),
2.04-1.92 (m, 2H, CH,), 1.90 (s, 3H, CH;C(O)N), 1.19-1.04
(m, 2H, CH,), 1.04-0.88 (m, 2H, CH,), 0.73 (t, /=7.2 Hz,
3H, CH;); "C NMR (75.47 MHz, CDCl;): 6§=204.2 (2C=
0), 171.5 (NC=0), 142.0 (C,,), 129.7 (2CH,,), 129.5
(CH,,), 127.7 (2CH,,), 97.2 (CON), 30.2, 27.3, 25.6, 23.1,
22.5, 13.8 (CH,, CHj;); IR (CHCL;): Vv,,,,=2963, 2931, 2874
(CH,, CHj), 1727, 1712 (C=0), 1358, 788, 698 cm'; MS
(70 eV): m/z (%)=305 (13) [M*], 263 (23), 262 (42), 155
(26), 136 (33), 135 (100), 134 (61), 113 (73), 109 (48), 107
(29), 94 (60), 93 (58), 92 (52), 91 (35), 77 (42), 71 (28), 65
(85); HR-MS (ESI): m/z=328.1522, calcd. for C,;H,sNO,+
Nat: 328.1519; elemental analysis calcd. (%) for C,;H,;NO,:
C 66.86, H 7.59, N 4.59; found: C 66.71, H 7.63, N 4.71.
N-[(1,1-Diacetylpentyl)oxy]-N-isopropylbenzamide (16):
Colorless oil; 'TH NMR (300.13 MHz, CDCl,): 6 =7.56-7.45
(m, 3H, ArH), 7.45-7.33 (m, 2H, ArH), 4.08 (septet, J=
6.6 Hz, 1H, CHMe,), 2.36 (s, 6 H, 2 CH;C=0), 2.09-1.93 (m,
2H, CH,), 1.40-1.10 (m, 4H, 2CH,), 1.26 (d, /J=6.6 Hz, 6 H,
2CH,;), 0.87 (t, J=7.1 Hz, 3H, CH;); *C NMR (75.47 MHz,
CDClL;): 6=204.1 (C=0), 175.3 (NC=0), 134.8 (CAr), 131.7
(CHAr), 128.9 (2CHAr), 127.9 (2CHAr), 96.6 (CON), 55.9
(CHN), 30.6, 274, 26.0, 23.3, 19.9, 13.9 (CH,, CHj); IR
(CHCLy): Ve =2965, 2934, 2875 (CH,, CH;) 1729, 1712,
1673 (C=0), 1369, 1355, 1299, 1286, 1130, 704, 668 cm'; MS
(70eV): m/z (%)=333 (1) [M*], 290 (23), 164 (43), 163
(46), 162 (41), 149 (23), 148 (56), 148 (52), 146 (55), 113
(37), 106 (57), 105 (100), 104 (75), 84 (39), 77 (89), 76 (33),
71 (50), 55 (26); HR-MS (ESI): m/z=356.1831, calcd. for
C,;HNO,+Na': 356.1832; elemental analysis calcd. (%)
for C;yH,;NO,: C 68.44, H 8.16, N 4.20; found: C 68.41, H
8.18, N 4.26.
N-[(1,1-Diacetylpentyl)oxy]-N-phenylbenzamide an:
Slightly  yellow crystals; mp 47-49°C; 'HNMR
(300.13 MHz, CDCly): 6=7.46-7.36 (m, 2H, ArH), 7.36-
7.11 (m, 8H, ArH), 2.24-2.07 (m, 2H, CH,), 2.19 (s, 6H,
2CHj;), 1.25-0.96 (m, 4H, 2CH,), 0.75 (t, J=7.1Hz, 3H,
CH,); *C NMR (75.47 MHz, CDCL): §=204.4 (2C=0),
172.2 (NC=0), 142.3 (C,,), 133.8 (Cy4,), 131.1 (CH,,), 129.4
(2CH,,), 129.1 (CH,,), 128.7 (2CHy,,), 128.4 (2CH,,), 128.2
(2CH,,), 97.6 (CON), 30.3, 27.3, 25.6, 23.1, 13.7 (CH,,
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CH;); IR (KBr): v, =3060 (CH,,), 2966, 2931, 2875 (CH,,
CH;) 1730, 1705, 1688 (C=0), 1490, 1356, 1297, 1281, 1193,
701, 690 cm™'; MS (70 eV): m/z (%)=368 (28), 367 (10)
[M*], 366 (17), 198 (17), 196 (85), 168 (21), 107 (32), 106
(87), 105 (94), 104 (17), 93 (32), 78 (19), 77 (100), 65 (56);
HR-MS (ESI): m/z=390.1671, calcd. for C,H,sNO,+Na*:
390.1676; elemental analysis calcd. (%) for C,,H,sNO,: C
71.91, H 6.86, N 3.81; found: C 71.96, H 6.83, N 3.79.
N-(1-Acetyl-1-benzyl-2-oxopropoxy)succinimide (18): Col-
orless crystals; mp 119-120°C; 'H NMR (300.13 MHz,
CDCly): 6=7.31-7.10 (m, 5SH, ArH), 3.42 (s, 2H, PhCH,),
2.60 (s, 4H, CH,CH,), 2.36 (s, 6H, 2CH;); *C NMR
(75.47 MHz, CDCly): 6=202.5 (2C=0), 171.4 (NC=0),
133.7 (Cyu,), 1304 (2CH,,), 128.5 (2CH,,), 127.3 (CH,,),
98.3 (CON), 374, 27.7, 25.4 (CH,, CH;); IR (KBr): vy, =
1736, 1705 (C=0), 1362, 1193, 1084 cm™'; MS (70 eV): m/z
(%)=261 (31), 189 (52), 119, (55), 100 (100), 92 (46), 91
(89); HR-MS (ESI): m/z=326.1000, calcd. for C;;H;NOs+
Na': 326.0999; elemental analysis caled. (%) for C,sH;;NOs:
C 63.36, H 5.65, N 4.62; found: C 63.63, H 5.49, N 4.49.
N-(1-Acetyl-1-benzyl-2-oxopropoxy)phthalimide 19):
Colorless crystals; mp 142-143°C; 'H NMR (300.13 MHz,
CDCly): 6=7.88-7.73 (m, 4H, ArH), 7.18 (m, 5H, ArH),
351 (s, 2H, PhCH,), 2.39 (s, 6H, 2CH;); “C NMR
(75.47 MHz, CDCly): 6=202.6 (2C=0), 1642 (NC=0),
135.1 (CH,,), 133.7 (Cy,), 130.7 (CHy,), 128.9 (CH,,/C,,),
128.4 (CH,,), 127.2 (CA/CH,,), 124.0 (CH,,), 98.4 (CON),
37.1 (CH,), 27.8 (2CH;); IR (KBr): v,,,,=3085, 3067, 3030
(CH,,), 2968, 2938, 2924 (CH,, CH;) 1792, 1738, 1717 (C=
0), 1359, 1350, 1185, 1079, 981, 876, 705 cm ™ *; MS (70 eV):
m/z (%) =148 (26), 91 (100); HR-MS (ESI): m/z=374.0993,
caled. for C,)H;;NOs;+Na': 374.0999; elemental analysis
caled. (%) for C,0H;;NOs: C 68.37, H 4.88, N 3.99; found: C
68.35, H 5.01, N 4.03.
N-(1-Acetyl-1-benzyl-2-oxopropoxy)-N-(4-chlorophenyl)-
acetamide (20): Slightly yellow crystals; mp 89-90°C;
'HNMR (300.13 MHz, CDClLy): 6=7.44 (d, J=7.7 Hz, 2H,
ArH), 729 (d, J=7.7Hz, 2H, ArH), 7.24-7.12 (m, 3H,
ArH), 7.04-6.91 (m, 2H, ArH), 3.38 (s, 2H, PhCH,), 2.09 (s,
6H, 2CHj;), 1.89 [s, 3H, NC(O)CHj;]; “C NMR (75.47 MHz,
CDCly): 6=203.7 (2C=0), 1722 (NC=0), 140.3, 13538,
134.3 (C,,), 130.5 (2CH,,), 130.0 (2CH,,), 129.4 (2CH,,),
128.3 (2CH,,), 127.0 (CH,,) 97.3 (CON), 37.2 (CH,), 27.7
(2CH3;), 22.5 [NC(O)CHj;]; IR (KBr): vp=1717 (C=0),
1486, 1357, 1267, 1222, 1186, 1087, 832, 715, 562 cm™"'; MS
(70eV): m/z (%)=373 (6) [MT], 331 (28), 171 (34), 169
(100), 129 (39), 127 (60), 125 (60), 92 (34), 91 (54); HR-MS
(ESI): m/z=396.0964, caled. for C,H,CINO,+Nat:
396.0973; elemental analysis calcd. (%) for C,yH,,CINO,: C
64.26, H 5.39, Cl 9.48, N 3.75; found: C 64.13, H 5.31, Cl
9.58, N 3.71.
N-(1-Acetyl-1-bromo-2-oxopropoxy)phthalimide (21):
Colorless crystals; mp 139-139.5°C; '"H NMR (300.13 MHz,
CDClLy): 6=7.94-7.75 (m, 4H, ArH), 2.65 (s, 6H, CH;); *C
NMR (75.47 MHz, CDCl;): 6=195.0 (C=0), 162.6 (NC=0),
135.4 (CHy,), 128.5 (C,,), 124.3 (CH,,), 104.55 (CBr), 25.4
(2CH;); IR (KBr): v,..=1791, 1743, 1723 (C=0), 1352,
1185, 697 cm™'; MS (70 eV): m/z (%)=174 (49), 161 (71),
148 (100), 105 (59), 104 (46), 90 (39); HR-MS (ESI): m/z=
361.9625, calcd. for C;3H,(BrNOs+Na*: 361.9635; elemental
analysis caled. (%) for C;sH;,BrNOs: C 4591, H 2.96, Br
23.49, N 4.12; found: C 46.02, H 2.63, Br 23.57, N 4.06.
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Ethyl 2-(N-phthalimidyloxy)-2-methyl-3-oxobutanoate
(22): Colorless crystals; mp 90-91°C; 'HNMR
(300.13 MHz, CDCl;): 6=7.91-7.72 (m, 4H, ArH), 4.31 (q,
J=7.1Hz, 2H, OCH,), 2.54 (s, 3H, CH;C=0), 1.61 (s, 3H,
CH,CON), 133 (t, J=7.1Hz, 3H, CH;); “C NMR
(75.47 MHz, CDCl;): 6=202.5 (C=0), 167.4, 164.0 (NC=O,
OC=0), 135.0 (CH,,), 128.84 (C,,), 1240 (CH,,), 922
(CON), 62.7 (CH,0), 26.1, 17.2, 14.0 (CH,, CH;); IR (KBr):
Vmax=1736 (C=0), 1356, 1275, 1237, 1138, 1111, 875,
703 cm™; MS (70 eV): m/z (%) =305 (1) [M*], 190 (70), 174
(63), 148 (64), 147 (100), 130 (87), 105 (64); HR-MS (ESI):
m/z=328.0786, calcd. for C;sH;sNO¢+Na™: 328.0792; ele-
mental analysis calcd. (%) for C;sH;sNOg: C 59.01, H 4.95,
N 4.59; found: C 59.08, H 4.97, N 4.49.

Ethyl 2-{[acetyl(4-chlorophenyl)amino]oxy}-2-methyl-3-
oxobutanoate (23): Brownish crystals; mp 75-76°C;
'H NMR (300.13 MHz, CDCl,): 6=7.37 (d, J=8.7 Hz, 2H,
ArH), 727 (d, J=8.7Hz, 2H, ArH), 410-3.90 (m, 1H,
OCH,), 3.87-3.70 (m, 1H, OCH,), 2.30 (s, 3H, CH,C=0),
2.11 [s, 3H, CH,C(O)N], 1.60 (s, 3H, CH;CON) 1.08 (t, /=
7.1 Hz, 3H, CH;); “C NMR (75.47 MHz, CDCl,): 6 =202.7
(C=0), 172.0, 167.9 (NC=0, OC=0), 139.7, 134.5 (C,)),
129.3, 128.1 (CH,,), 91.1 (CON), 62.1 (CH,0), 25.8, 22.2,
17.6, 13.7 (CH;); IR (KBr): vy, =3096, 3086, 3050 (CHy,),
2992, 2941, 2911 (CH;, CH,), 1741, 1726, 1695 (C=0), 1489,
1367, 1311, 1283, 1145, 1101, 1091, 852, 558 cm™; MS
(70 eV): m/z (%)=327 (4) [M*], 285 (58), 144 (100), 127
(59), 98 (38); HR-MS (ESI): m/z=350.0758, calcd. for
C,sH,sCINO;+Na*: 350.0766; elemental analysis caled. (%)
for C;sH;sCINO;: C 54.97, H 5.54, Cl 10.82, N 4.27; found:
C 54.98, H5.61, C110.85, N 4.31.

Ethyl 2-(N-phthalimidyloxy)-2-ethyl-3-oxobutanoate (24):
Colorless oil; '"HNMR (300.13 MHz, CDCl,): 6=7.89-7.66
(m, 4H, ArH), 4.24 (q, J;,=7.1 Hz, 2H, OCH,), 2.48 (s, 3H,
CH,;C=0), 2.19-1.98 (m, 2H, CH,), 1.27 (t, J;=7.1 Hz, 3H,
CH,) 1.00 (t, J,=7.4 Hz, 3H, CH;); “C NMR (75.47 MHz,
CDCl;y): 6=2022 (C=0), 166.9, 164.1 (NC=0, OC=0),
134.9 (CH,,), 128.9 (C,,), 123.8 (CH,,), 95.0 (CON), 62.4
(CH,0), 27.3, 244, 13.9, 7.6 (CH,, CH;); IR (CHCL): V=
2984, 2944 (CH,, CHj;), 1797, 1745 (C=0), 1369, 1358, 1255,
1189, 1110, 977, 877, 705 cm™'; MS (70 eV): m/z (%) =319
(2) [M*], 190 (88), 174 (85), 147 (81), 111 (80), 105 (100), 76
(79), 56 (66); HR-MS (ESI): m/z=342.0945, calcd. for
C;,H,NO;s+Nat: 342.0948; elemental analysis caled. (%)
for C;sH;;NOg: C 60.18, H 5.37, N 4.39; found: C 60.06, H
5.33, N 4.33.

Ethyl 2-{[benzoyl(isopropyl)amino]oxy}-2-ethyl-3-oxobu-
tanoate (25): Colorless oil; '"H NMR (300.13 MHz, CDCl,):
0=7.60-7.30 (m, 5H, ArH), 4.304.09 (m, 2H, OCH,),
4.09-3.95 (m, 2H, CHN), 2.45 (s, 3H, CH,;C=0), 2.22-1.97
(m, 2H, CH,), 1.37-1.14 (m, 9H, 3CHs;), 0.95 (t, /J=7.3 Hz,
CH;); “C NMR (7547 MHz, CDCl;): 6=203.5 (C=0),
175.6, 168.3 (NC=0O, OC=0), 1349 (C,,), 131.7 (CH,,),
128.7 (2CH,,), 128.1 (2CH,,), 93.1 (CON), 61.8 (OCH,),
56.1 (NCH), 27.0, 24.9, 19.8, 19.6, 14.0, 8.7 (CH,, CH;); IR
(CHCL): v, =2982, 2941 (CH,, CH,), 1741, 1725, 1671 (C=
0), 1253, 1130, 703 cm™'; MS (70 eV): m/z (%)=335 (10)
[M*], 230 (30), 163 (21), 148 (30), 145 (48), 106 (53), 105
(70), 77 (100); HR-MS (ESI): m/z=358.1621, calcd. for
C,sH,sNOs+Na'™: 358.1625; elemental analysis caled. (%)
for C;gH,sNOs: C 64.46, H 7.51, N 4.18; found: C 64.61, H
7.61, N 4.20.
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Ethyl 2-acetyl-2-(N-succinimidyloxy)hexanoate (26): Col-
orless crystals; mp 83-84°C; '"H NMR (300.13 MHz, CDCl,):
0=4.27-4.11 (m, 2H, OCH,), 2.69 (s, 4H, CH,CH,), 2.42 (s,
3H, CH;C=0), 2.03-1.78 (m, 2H, CH,), 1.54-1.34 (m, 1H,
CH,), 1.34-1.14 (m, 6H, CH,, CHj;), 0.85 (t, /=7.0 Hz, 3H,
CH;); *C NMR (75.47 MHz, CDCl,): 6=202.1 (C=0),
171.3, 168.8 (NC=0O, OC=0), 94.1 (CON), 62.5 (OCH,),
31.2,27.2,25.5, 249, 22.9, 13.9, 13.8 (CH,, CH;); IR (KBr):
Vimax = 2969, 2939, 2877 (CH,, CHj;), 1786, 1761, 1732 (C=0),
1469, 1365, 1356, 1308, 1273, 1260, 1214, 1191, 1150, 1133,
1073, 1003 cm™'; MS (70 eV): miz (%)=299 (4) [M*], 201
(27), 184 (24), 158 (100), 147 (24), 100 (45), 85 (70), 56 (34);
HR-MS (ESI): m/z=322.1251, caled. for C;,H,NO;+Na*:
322.1261; elemental analysis calcd. (%) for C,H;NO4: C
56.18, H 7.07, N 4.68; found: C 56.13, H 7.01, N 4.69.

Ethyl 2-acetyl-2-(N-phthalimidyloxy)hexanoate (27): Col-
orless oil; "H NMR (300.13 MHz, CDCl;): 6=7.88-7.67 (m,
4H, ArH), 425 (q, J=7.1Hz, 2H, OCH,), 2.48 (s, 3H,
CH;C=0), 2.14-1.90 (m, 2H, CH,), 1.64-1.43 (m, 1H, CH,),
1.42-1.19 (m, 6H, CH,, CHj;), 0.86 (t, J=7.1 Hz, 3H, CHj);
BC NMR (75.47 MHz, CDCl5): 6 =202.4 (C=0), 167.0, 164.1
(OC=0, NC=0), 134.9 (CH,,), 129.0 (C,,), 123.9 (CH,,),
94.7 (CON), 62.5 (OCH,), 31.1, 274, 25.0, 23.0, 13.9, 13.8
(CH,, CHj); IR (CHCl;): vy,,=2964, 2934, 2875 (CH,,
CH,), 1743 (C=0), 1369, 1358, 1262, 1189, 705 cm™'; MS
(70 eV): miz (%)=347 (1) [MT], 232 (38), 190 (75), 174
(62), 147 (90), 130 (73), 105 (49), 86 (41), 85 (100); HR-MS
(ESI): m/z=370.1257, calcd. for C;gH,NO,+Na*: 370.1261;
elemental analysis caled. (%) for C;sH, NOg: C 62.24, H
6.09, N 4.03; found: C 62.22, H 6.11, N 3.97.

Ethyl 2-benzyl-2-(/N-phthalimidyloxy)-3-oxobutanoate
(28): Colorless crystals; mp 105-106°C; 'HNMR
(300.13 MHz, CDCly): 6=7.93-7.72 (m, 4H, ArH), 7.46-
7.33 (m, 2H, ArH), 7.33-7.17 (m, 3H, ArH), 4.21-4.02 (m,
2H, OCH,), 3.80 (d, J,=14.3Hz, 1H, CH,), 3.52 (d, J,=
143 Hz, 1H, CH,), 2.36 (s, 3H, CH;C=0), 1.12 (t, J,=
7.1 Hz, 3H, CH;); “C NMR (75.47 MHz, CDCl;): §=203.3
(C=0), 166.2, 164.0 (OC=0, NC=0), 135.0 (2CH,,), 134.0
(Cap), 130.9 (2CHy,,), 1289 (2C,,), 128.3 (2CH,,), 127.2
(CH,,), 1239 (2CH,,), 95.6 (CON), 62.6 (OCH,), 38.9
(PhCH,), 28.1, 13.7 (CH;); IR (KBr): v,,,,=2993 (CHj;),
1739 (C=0), 1365, 1351, 1286, 1264, 1185, 1115, 978, 876,
704 cm™; MS (70eV): m/z (%)=219 (83), 173 (39), 148
(33), 119 (48), 91 (100); HR-MS (ESI): m/z=404.1125,
caled. for C,H;(NOyz+Na't: 404.1105; elemental analysis
caled. (%) for C,)H;(NOy: C 66.13, H 5.02, N 3.67; found: C
66.17, H 5.01, N 3.68.

Ethyl 2-acetyl-2-(/N-phthalimidyloxy)pent-4-enoate (29):
Colorless oil; "H NMR (300.13 MHz, CDCly): 6=7.89-7.67
(m, 4H, ArH), 6.13-5.89 (m, 1H, =CH), 5.16-4.98 (m, 2H,
=CH,), 4.26 (q, J;,=7.1 Hz, 2H, OCH,), 2.85 (d, J,="7.0 Hz,
2H, CH,), 2.47 (s, 3H, CH,), 1.28 (t, J,=7.1 Hz, 3H, CHs);
BC NMR (75.47 MHz, CDCl,): 6 =201.6 (C=0), 166.6, 164.1
(OC=0, NC=0), 135.0 (CH,,), 130.8 (=CH), 128.9 (C,,),
123.9 (CH,,), 119.9 (=CH,), 94.2 (CON), 62.6 (OCH,), 36.1
(CH,), 27.3, 14.0 (CH3); IR (CHCl;): v,,,=3084 (=CH,,
CH,,), 2986, 2925 (CH,, CH,), 1744 (C=0), 1189, 775,
705 cm™'; MS (70 eV): m/z (%) =331 (2) [M*], 190 (73), 174
(72), 160 (49), 148 (57), 147 (98), 130 (64), 123 (73), 105
(62), 104 (55), 99 (83), 90 (79), 81 (51), 77 (43), 70 (100), 68
(90), 50 (45); HR-MS (ESI): m/z=354.0950, calcd. for
C, H;(NO¢+Na': 354.0948; elemental analysis calcd. (%)
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for C;;H;;NOy: C 61.63, H 5.17, N 4.23; found: C 61.59, H
5.21, N 4.25.

Ethyl 2-(2-cyanoethyl)-2-(N-phthalimidyloxy)-3-oxobutan-
oate (30): Colorless oil; 'H NMR (300.13 MHz, CDCl;): 6=
7.89-7.74 (m, 4H, ArH), 4.24 (q, /J=7.1Hz, 2H, OCH,),
2.93-2.76 (m, 1H, CH,), 2.65-2.33 (m, 3H, CH,), 2.51 (s,
3H, CH,C=0), 1.27 (t, J=7.1Hz, 3H, CH;); “C NMR
(75.47 MHz, CDCl;): 6=200.9 (C=0), 165.6, 164.2 (OC=0,
NC=0), 1353 (CH,,), 128.8 (C,,), 1242 (CH,,), 118.9
(CN), 92.5 (CON), 63.3 (OCH,), 27.6, 27.4, 13.8, 11.8 (CH,,
CH,;); IR (CHCly): v =2987, 2941 (CH,, CHj3), 2253 (CN),
1798, 1745, 1728 (C=0), 1369, 1359, 1264, 1189, 1076, 876,
706 cm™; MS (70 eV): m/z (%) =344 (2) [M*], 190 (82), 189
(49), 174 (100), 160 (83), 147 (58), 130 (40), 105 (90), 104
(63), 82 (46), 77 (48); HR-MS (ESI): m/z =367.0899, calcd.
for +Na*: 367.0901; elemental analysis caled. (%) for
C7H sN,Og: C 59.30, H 4.68, N 8.14; found: C 59.23, H 4.71,
N 8.13.

Diethyl 2-acetyl-2-(N-phthalimidyloxy)succinate  (31):
Slightly yellow oil; "H NMR (300.13 MHz, CDCl,): 6 =7.90-
7.69 (m, 4H, ArH), 4.31-4.10 (m, 4H, OCH,), 3.37 (d, J=
18.2Hz, 1H, CH,), 3.22 (d, /=182 Hz, 1H, CH,), 2.65 (s,
3H, CH,C=0), 1.38-1.19 (m, 6H, CH;); “C NMR
(75.47 MHz, CDCly): 6=202.5 (C=0), 168.8, 165.8, 164.1
(OC=0, NC=0), 135.1 (CH,,), 129.0 (C,,), 124.0 (CH,,),
92.0 (CON), 63.1, 61.3 (OCH,), 37.8, 27.1, 14.1, 13.8 (CH,,
CH;); IR (CHCLy): v,,,,=2987, 2941, 2909 (CH,, CH3), 1798,
1746 (C=0), 1372, 1350, 1286, 1243, 1189, 1062, 1034,
705cm™'; MS (70eV): m/z (%)=190 (76), 189 (61), 161
(39), 147 (100), 143 (41), 115 (92), 104 (44); HR-MS (ESI):
ml/z=400.0996, calcd. for M+Na™: 400.1003; elemental
analysis caled. (%) for C;sH(NOg: C 57.29, H 5.08, N 3.71;
found: C 57.32, H 5.09, N 3.76.

Diethyl N-phthalimidyloxy(ethyl)malonate (32): Colorless
oil; 'HNMR (300.13 MHz, CDCl;): 6=7.89-7.70 (m, 4H,
ArH), 4.32 (q, J;=7.1 Hz, 4H, 20CH,), 2.19 (q, J/,=7.4 Hz,
2H, CH,), 1.32 (t, J,=7.1Hz, 6H, 2CH;), 1.14 (t, J,=
7.4 Hz, 3H, CH,); “C NMR (75.47 MHz, CDCl,): 6=166.3,
164.1 (NC=0, OC=0), 134.8 (2CH,,), 129.2 (C,,), 123.8
(2CH,,), 90.6 (CON), 62.5 (OCH,), 25.7, 14.1, 7.7 (CH,,
CH,;); IR (CHCL): v,,,,=2984, 2943 (CH,, CH,), 1799, 1745
(C=0), 1369, 1307, 1259, 1189, 1122, 11031028, 981, 877,
705, 669 cm™'; MS (70 eV): m/z (%)=349 (10) [M7], 187
(100), 163 (55), 148 (54), 141 (62), 130 (51), 104 (86), 87
(70), 77 (47), 69 (83); HR-MS (ESI): m/z =372.1050, calcd.
for C,;H;(NO,+Na*: 372.1054; elemental analysis calcd.
(%) for C;;H,;(NO,: C 58.45, H 5.48, N 4.01; found: C 58.47,
H 5.32, N 3.99.

Diethyl N-phthalimidyloxy(phenyl)malonate (33): Color-
less crystals; mp 81.5-83°C; '"H NMR (300.13 MHz, CDCl,):
0="17.84-7.57 (m, 6H, ArH), 7.42-7.25 (m, 3H, ArH), 4.49-
425 (m, 4H, OCH,), 1.30 (t, J=7.1Hz, 6H, CH;); “C
NMR (75.47 MHz, CDCly): 6=165.8, 163.3 (OC=0, NC=
0), 134.6 (2CH,,), 132.1, 130.0 (CH,,/C,,), 129.4 (2CH,,),
128.8 (CA/CHy,), 128.1 (2CH,,), 123.6 (2CH,,), 89.9
(CON), 62.9 (OCH,), 14.0 (CH;); IR (KBr): v,,,=2995,
2982, 2941 (CH,, CH,), 1768, 1738 (C=0), 1278, 1227, 1211,
1029, 695 cm™'; MS (70 eV): m/z (%)=397 (2) [M+], 324
(39), 235 (91), 207 (88), 179 (48), 163 (49), 162 (58), 161
(100), 133 (72), 106 (39), 105 (51), 104 (81), 90 (66), 77 (77);
HR-MS (ESI): m/z=420.1056, calcd. for C,;H;(NO;+Na*:
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420.1054; elemental analysis calcd. (%) for C,H;(NO;: C
63.47, H 4.82, N 3.52, found: C 63.40, H 4.71, N 3.51.

Butyl-(/V-phthalimidyloxy)malononitrile (34): Colorless
crystals; mp 96-96.5°C; 'H NMR (300.13 MHz, CDCL,): 6 =
8.13-7.70 (m, 4H, ArH), 2.62-2.29 (m, 2H), 1.94-1.73 (m,
2H), 1.66-1.34 (m, 2H), 1.01 (t, J=7.2 Hz, 3H, CH;); “C
NMR (75.47 MHz, CDCl;): 6=163.0 (CON), 135.7 (CH,,),
128.8 (Cyu;), 124.7 (CH,,), 112.1 (CN), 75.80 (CON), 37.6,
26.0, 22.0, 13.7 (CH,, CHj); IR (KBr): v,,,=2969, 2935,
2925, 2877 (CH,, CH3), 2251 (CN), 1806, 1754 (C=0), 1336,
1300, 1185, 1014, 995, 874, 721, 710, 689 cm™!; MS (70 eV):
miz (%)=283 (3) [M*], 162 (72), 161 (92), 132 (92), 104
(100), 77 (68); HR-MS (ESI): m/z=306.0843, calcd. for
C,sH3N;0;+Nat: 306.0849; elemental analysis calcd. (%)
for C;sH3N;0;: C 63.60, H 4.63, N 14.83; found: C 63.38, H
4.49, N 14.84.

Benzyl-(N-phthalimidyloxy)malononitrile (35): Colorless
crystals; mp 158-159°C; 'H NMR (300.13 MHz, CDCl;): 6 =
8.06-7.80 (m, 4H, ArH), 7.62-7.35 (m, 5H, ArH), 3.72 (s,
2H, CH,); *C NMR (75.47 MHz, CDCL): 6=162.9 (NC=
0), 135.7 (2CH,,), 130.8 (2CH,,), 129.5 (C,,/CH,,), 129.2
(2CH,,), 129.0, 128.8 (C,/CH,,), 1247 (2CH,,), 111.6
(2CN), 76.5 (CON), 43.5 (CH,); IR (KBr): v,,,=1799, 1749
(C=0), 1187, 1000, 965, 874, 713cm™"; MS (70 eV): m/z
(%)=163 (100), 132 (31), 104 (69), 91 (31), 76 (48); HR-MS
(ESI):  m/z=340.0691, caled. for C;gH;;N;O;+Nat:
340.0693; elemental analysis calcd. (%) for C;sH;;N;O5: C
68.14, H 3.49, N 13.24; found: C 68.12, H 3.50, N 13.27.

Ethyl 2-cyano-2-(N-phthalimidyloxy)propanoate (36):
White crystals; mp 120-121°C; 'HNMR (300.13 MHz,
CDCly): 6=7.98-7.68 (m, 4H, ArH), 4.37 (q, /J=7.0 Hz, 2H,
OCH,), 2.03 (s, 3H, CH;C=0), 1.36 (t, /=7.0Hz, 3H,
CH;); *C NMR (75.47 MHz, CDCl,): 6 =163.6, 163.2 (OC=
O, NC=0), 135.4 (CH,,), 128.7 (C,,), 124.2 (CH,,), 115.1
(CN), 81.3 (CON), 644 (OCH,), 22.6, 13.9 (CH;); IR
(KBr1): Vi =3107 (CH,,), 3005, 2979, 2940 (CH,, CHj;),
1801, 1756, 1740 (C=0), 1469, 1351, 1299, 1185, 1161, 1145,
1015, 966, 874, 709 cm™; MS (70 eV): m/z (%)=288 (12)
[M*], 163 (55), 147 (34), 132 (53), 105 (32), 104 (100), 90
(33), 76 (64); HR-MS (ESI): m/z=311.0627, calcd. for
C,H;,N,0O5+Na*: 311.0638; elemental analysis calcd. (%)
for C,H,N,O5: C 58.33, H 4.20, N 9.72; found: C 58.30, H
4.07, N 9.68.

Ethyl 2-cyano-2-(/N-phthalimidyloxy)-3-phenylpropanoate
(37): Colorless crystals; mp 126-127°C; 'HNMR
(300.13 MHz, CDCly): 6=7.98-7.71 (m, 4H, ArH), 7.53-
7.26 (m, 5SH, ArH), 4.31 (q, /=7.1 Hz, 2H, OCH,), 3.66 (s,
2H, CH,), 127 (t, J=7.1 Hz, CH;); *C NMR (75.47 MHz,
CDCly): 6=163.3, 163.1 (NC=0, OC=0), 1353 (2CH,,),
130.74 (C,/CHy,), 130.66 (2CH,,), 128.9 (2CH,,), 128.7,
128.6 (CA/CHy,), 124.3 (2CH,,), 114.0 (2CN), 86.4 (CON),
64.2 (OCH,), 41.6 (CH,Ph), 13.9 (CH;); IR (KBr): vy =
3036 (CH,,), 2987, 2937 (CH,, CH,), 1795, 1742 (C=0),
1466, 1351, 1320, 1223, 1187, 1077, 1051, 991, 876, 707 cm ™ *;
MS (70 eV): m/z (%) =203 (46), 175 (44), 164 (54), 156 (43),
131 (41), 105 (58), 91 (100); HR-MS (ESI): m/z=387.0944,
caled. for C,)H;(N,Os+Na™: 387.0951; elemental analysis
caled. (%) for C,0H (N,O5: C 65.93, H 4.43, N 7.69; found:
C 6591, H 4.39, N 7.71.

Ethyl 2-acetyl-2-hydroxyhexanoate (38):""?! Colorless oil;
"H NMR (300.13 MHz, CDCl,): 6=4.25 (q, J;=7.2 Hz, 2H,
OCH,), 4.13 (s, 1H, OH), 2.27 (s, 3H, CH;C=0), 2.17-2.00
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(m, 1H, CH,), 1.98-1.82 (m, 1H, CH,), 1.43-1.14 (m, 7H,
2CH,, CH,), 089 (t, J,=7.0Hz, 3H, CH,); C NMR
(7547 MHz, CDCly): 6=2052 (C=0), 171.1 (OC=0), 84.4
(COH), 62.7 (OCH,), 35.1, 25.3, 24.8, 22.8, 14.2, 14.0 (CH,,
CH,).

Reaction of Ethyl 3-Oxohexanoate 39 with NHPI 8a
and Manganese Triacetate

Mn(OAc);2H,0 (1.02 g, 3.80 mmol) was added with stirring
to a solution (heated to 60°C) of 3-oxohexanoate 39
(300 mg, 1.90 mmol), NHPI 8a (309 mg, 1.90 mmol), and
CH;COOH (9 mL) for 30s. Then the reaction mixture was
stirred at this temperature for 45 min. The products were
isolated according to the procedure described in the Experi-
ment to Table 1. Phthalimide 40 (yield: 112 mg, 0.759 mmol,
40%), N-butyryloxyphthalimide 41 (yield: 102 mg,
0.436 mmol, 23%), and N-acetoxyphthalimide 42 (yield:
85.5 mg, 0.417 mmol, 22%) were obtained.

Phthalimide (40):'"*' Colorless crystals; mp 234-235°C,
lit. mp 236°C;'"™ 'THNMR (300.13 MHz, DMSO-d,): 6=
1131 (bs, 1H, NH), 7.82 (m, 4H, ArH); “C NMR
(75.47 MHz, DMSO-d;): 6=169.2 (NC=0), 134.3 (CHAr),
132.6 (CAr), 122.9 (CHAr); IR (KBr): vy, =3199 (NH),
1775, 1752, 1730 (C=0), 1388, 1377, 1308, 1053, 716, 647,
534 cm ™.

N-(Butyryloxy)phthalimide (41): Colorless oil; 'H NMR
(300.13 MHz, CDCls): 6=7.94-7.83 (m, 2H, ArH), 7.83-
7.70 (m, 2H, ArH), 2.64 (t, J;=7.3 Hz, 2H, CH,C=0), 1.91-
1.73 (m, 2H, CH,), 1.07 (t, J,=7.4 Hz, 3H, CH,); "C NMR
(75.47 MHz, CDCl;): 6=169.6, 162.1 (OC=0, NC=0), 134.8
(CH,,), 1291 (C,,), 124.0 (CH,,), 329, 185, 13.5 (CH,,
CH,); IR (CHCL): Vya =2971, 2920, 2879, 2851 (CH,, CH;),
1789, 1745 (C=0), 1062, 699, 670 cm™'; elemental analysis
caled. (%) for C,,H;;NO,: C 61.80, H 4.75, N 6.01; found: C
61.90, H 4.64, N 6.05.

N-(Acetoxy)phthalimide (42):'"'%) Colorless crystals; mp
184-185°C, lit. mp=185°C;!'® 'HNMR (300.13 MHz,
CDCly): 6=7.93-7.83 (m, 2H, ArH), 7.83-7.72 (m, 2H,
ArH), 2.40 (s, 3H, CH;); "C NMR (75.47 MHz, CDCl,): 6 =
166.7, 162.0 (OC=0, NC=0), 134.9 (CH,,), 129.1 (C,,),
124.1 (CH,,), 17.7 (CHs3); IR (KBr): v,,,,=1815, 1788, 1741,
1376, 1165, 1142, 969, 880, 697 cm ™.
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