:@2 ChemPubSoc
e Europe

Organic Chemistry

DOI: 10.1002/chem.201404078

CHEMISTRY

A European Journal
Communication

Electrochemical Intramolecular Aminooxygenation of Unactivated

Alkenes

Fan Xu, Lin Zhu, Shaobin Zhu, Xiaomei Yan, and Hai-Chao Xu*®

Abstract: An electrochemical approach to the intramolec-
ular aminooxygenation of unactivated alkenes has been
developed. This process is based on the addition of nitro-
gen-centered radicals, generated through electrochemical
oxidation, to alkenes followed by trapping of the cyclized
radical intermediate with 2,2,6,6-tetramethylpiperidine-N-
oxyl radical (TEMPO). Difunctionalization of a variety of al-
kenes with easily available carbamates/amides and TEMPO
affords aminooxygenation products in high yields and
with excellent trans selectivity for cyclic systems (d.r. up
to >20:1). The approach provides a much-needed comple-

\mentary route to existing cis-selective methods. )

Direct aminooxygenation of alkenes provides straightforward
and efficient access to the 1,2-aminoalcohol motif, which is
present in a variety of bioactive molecules, natural products,
and chiral reagents.!" Current methods to promote alkene ami-
nooxygenation typically involve either the use of catalysts con-
taining precious and/or toxic transition metals” or rely on
a stoichiometric amount of iodine-based oxidants.” Additional-
ly, a general method for the trans aminooxygenation of cyclic
alkenes with high regio- and stereoselectivity remains
elusive® Along those lines, Wardrop did discover
that the aminooxygenation of cyclic O-alkyl hydroxa-
mate facilitated by an iodine(lll) reagent led to excel-
lent trans-selectivity.*” Alexanian disclosed metal-free
trans aminooxygenation via amidoxy radicals.*” Han
observed trans difunctionalization of cycloalkenes in
the studies of oxime and hydrazone radical addition
reactions.**¥ Recently, Xu reported an iron-catalyzed
method and demonstrated trans selectivity with a cy-
clohexenyl substrate."

Previous anodic cyclization studies®™ demonstrated
the successful application of anodic oxidation for
the aminomethoxylation of electron-rich olefins
(Scheme 1). In this process, the addition of the
anode-generated, nitrogen-centered radical” to
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a tethered alkene leads to a new, carbon-centered radical,
which is further oxidized to form a cation that is trapped with
methanol to afford the final product. The electrochemical
method obviates the use of stoichiometric quantities of chemi-
cal oxidants and can derive the energy it needs from renewa-
ble sources such as sunlight® We surmised that, instead of an
oxidation, interception of this carbon radical with a trapping
reagent, such as 2,2,6,6-tetramethylpiperidine-N-oxyl radical
(TEMPO),”) would also lead to difunctionalization. Since no
second oxidation would be needed in such a scenario, there
would be no requirement for an electron-rich radical. Hence,
the reaction might work with an unactivated olefin. Additional-
ly, the alkoxyamine moiety of the TEMPO adduct could serve
as a versatile functional group handle for various subsequent
transformations (vide infra)."” Herein, we report the successful
development of an electrochemical method for the aminooxy-
genation of unactivated alkenes using carbamate and amide
substrates and TEMPO as a trapping group.

Carbamate 1a was selected as the model substrate and sub-
mitted to electrochemical aminooxygenation (Table 1). The
standard reaction was run at 60°C and a constant current of
10 mA in a three-necked round-bottom flask equipped with
a reticulated vitreous carbon (RVC) anode and a platinum wire

X
R previous work
‘NH ZY electron-rich alkenes OMe
1)-e N X Y
l electrochemical l 2) + MeOH
oxidation
X X,Y=0,8
Z Y| —> R‘N Y
this work O'N
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~N Y
7O< X
N (TEMPO)
Q X, Y =H, alkyl

Scheme 1. Electrochemical aminooxygenation of alkenes.

cathode (see the Supporting Information). A solution of 0.1m
Bu,NBF, in H,O/CH;CN (1:19) was used as the supporting elec-
trolyte and two equivalents of TEMPO were included. After
2.5 Fmol™" of electricity™ was passed through the electrolysis
cell, the substrate was consumed and the desired product 2a
was isolated in 70% yield as a single diastereomer (Table 1;
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Table 1. Optimization of electrolysis conditions for aminooxygenation.”

P \H /@
o)\o

RVC anode, Pt cathode
constant current = 10 mA

TEMPO (2 equiv)

1a

_N
PR O
€
ate
(0]

bamates (entries 18-19), which
were found to be difficult for the
Os-mediated method,?? also
participated readily in the reac-
tion, albeit with diminished dia-
stereoselectivity for the trisubsti-
tuted olefin (entry 19). Further

2a, d.r. >20:1[! . L.

. . ) a | investigation revealed that N-aryl

Entry Electrolysis conditions Yield [%] .
amides were also excellent sub-
. 0, -1

1 Bu,NBF, (0.1 m), H,0/CH,CN .(1.19), 60°C, 2.5 Fmol | 70 strates (entries 20-21).
2 Bu,NBF, (0.1 m), LiOH (1 equiv), H,O/CH5CN (1:19), 60°C, 2.8 F mol 81 h h . £ th
3 Bu,NBF, (0.1 M), C,CO; (1 equiv), H,0/CH,CN (1:19), 60°C, 3.2 Fmol ™’ 80 The stereochemistry of the
4 Bu,NBF, (0.1 M), Na,CO; (1 equiv), H,0/CH,CN (1:19), 60°C, 1.5 Fmol " 90 aminooxygenation was deter-
Sd Et,NOTs (0.1 m), Na,CO; (1 equiv), H,0/CH;CN (1:19), 60°C, 3.9 Fmol ™" 89 mined by a sing|e-crysta| X-ray
[d] R o -1
6 Bu,NBF, (0.1 M), Na,CO; (1 equ!v), CH,CN, 60°C, 5.2 Fmﬂol | 10 diffraction study of 2h and 2g.
7 Bu,NBF, (0.1 M), Na,CO; (1 equiv), H,0/CH5CN (1:9), 60°C, 3.0 Fmol 83 h |
8 Bu,NBF, (0.1 M), Na,CO; (1 equiv), H,0/CH,CN (1:19), RT, 3.3 Fmol ™' 61 In each case, a clear trans ar-

yield.

[a] Reaction conditions: 1 (0.35 mmol), TEMPO (0.70 mmol), H,0 (0.5 mL), CH;CN (9.5 mL), 60 °C. [b] Determined
by "H NMR spectroscopic analysis of the crude reaction mixture. [c] Isolated yield. [d] 1a was recovered in 70%

rangement of the nitrogen atom
relative to the alkoxyamine
group (Figure 1) was found in

entry 1). The addition of a base such as LiOH, Cs,CO; or
Na,CO, improved the yield to 81, 80, or 90%, respectively (en-
tries 2-4). Moreover, Na,CO; also reduced the amount of elec-
tricity needed for the complete consumption of 1a
(1.5 Fmol™"). However, substituting Bu,NBF, with Et,NOTs
(entry 5), altering the water composition of the solvent system
(entries 6-7), and conducting the reaction at a lower tempera-
ture (entry 8) all led to a less efficient reaction. Based on these
results, it was concluded that the optimal reaction conditions
would involve adding one equivalent of Na,CO; to the
Bu,NBF, electrolyte solution in H,O/CH;CN (1:19) and conduct-
ing the electrolysis at 60 °C (entry 4).

The N-phenyl ring of 1a was modified with various function-
al groups to investigate their effects on alkene aminooxygena-
tion (Table 2). A broad spectrum of substituents with diverse
electronic properties were found to be well-tolerated, includ-
ing electron-donating groups, such as Me (Table 2; entry 1)
and OMe (entries 2-3), halogens, such as F (entries 4-6) and Cl
(entry 7), and electron-withdrawing groups such as CF;
(entry 8), Ac (entry9), and CN (entry 10). Carbamates with
a 2,6-disubstituted phenyl group, previously reported to be in-
compatible with hypervalent iodine-mediated cyclization,
also served as efficient substrates (entries 11-12). The introduc-
tion of a nitro group, however, led to less satisfactory re-
sults,®'? which was probably caused by the decomposition of
the product 2n during the electrolysis.™

Further examination of the substrate scope revealed a broad
tolerance of the electrochemical method to cyclic alkenes. Tri-
substituted olefins could be efficiently difunctionalized to gen-
erate tetrasubstituted stereogenic centers that are difficult to
construct with existing methods™ (Table 2; entries 14-16). No-
tably, the electrolysis of 10 was carried out on a gram-scale
without difficulty and the reaction exhibited exclusive prefer-
ence for the proximal double bond over the distal one
(entry 14). Introduction of a nitrogen functionality into the cy-
clohexene ring was tolerated and led to the formation of
a highly functionalized piperidine (entry 17). Cyclopentenyl car-

Chem. Eur. J. 2014, 20, 12740 - 12744 www.chemeurj.org

12741

the product. These findings were
consistent with the preferential
approach of TEMPO to the cyclization-derived cyclic carbon
radical from the less hindered direction in the transition state
of the radical-radical combination reaction. Hence, using cyclic
alkenes as substrates, this electrochemical approach offers an
efficient access to trans-configured products with a high level
of regio- and stereochemical control, complementing the cis-
selective Os-based strategy.

Following the success with cyclic alkenes, effort was extend-
ed to testing acyclic systems for their suitability as substrates
(Table 3). As expected, the reaction proceeded in high yield
with a multitude of tri-, and disubstituted olefins. Aminooxyge-
nation of 1,2-disubstituted alkenes was, however, nonselective
and afforded a mixture of diastereomers (entries 3-4). Further-
more, the monosubstituted alkene 3f (Table3; entry6)
seemed to necessitate significantly higher current usage com-
pared to the other more substituted substrates.

As mentioned earlier, the TEMPO-derived alkoxyamine
moiety can provide facile access to a variety of synthetically
useful functionalities. For instance, when using 2a and 2p as
the starting materials, the alkoxyamine group in these com-
pounds can be readily transformed into a hydroxyl group by
reductive cleavage of the N—O bond, a carbonyl group by oxi-
dation,®@ or a double bond by thermal elimination'”
(Scheme 2).

To confirm the hypothesis that the aminooxygenation reac-
tion underwent a radical mechanism, compound 9 bearing
a cyclopropane group as the radical probe*' was synthe-
sized and electrolyzed in the presence of TEMPO (Scheme 3).
Indeed, the ring-opening product 10 was obtained in 52%
yield, providing solid evidence for the involvement of a nitro-
gen-centered radical.

To give rise to the nitrogen radicals, the substrates could
either be directly oxidized at the anode, or they could be oxi-
dized by an oxoammonium ion that in turn originates from
anodic oxidation of TEMPO" (Scheme 4). To test these possi-
bilities, the oxidation potentials of TEMPO and 1a were mea-
sured by cyclic voltammetry,"® which indicated that the former

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Aminooxygenation of cyclic alkenes.” Table 3. Aminooxygenation of acyclic alkenes.”
Entry Substrate Product Electricity Yield [%],®! Entry Substrate Product Electricity Yield [9],®!
[Fmol™"] d.rd [Fmol™"] d.rd
R. .N _N
0 R 9 " fk P O
0% N N ’\
<1 oo oY
O™ R
1 1b,R=4-MePh  2b 3.0 97, >20:1 1 32 R—H 4a 23 9
2 1¢,R=4-OMePh 2c 2.2 94, >20:1 ) 3b, R—Bn ab 28 86, > 201
3 1d,R=2-OMePh 2d 2.4 85, >20:1
4 1e, R=4-FPh 2e 2.1 93, >20:1 R
5  1f R=3-FPh 2f 28 91, >20:1 Py gz ph oN
6 19, R=2-FPh 2g 16 96, >20:1 Py N g2
7 1h, R=4-ClPh 2h 13 88, >20:1 0”0 o< | R
8 1i,R=4-CFPh  2i 14 83, >20:1 0
9 1j,R=4-AcPh 2j 15 86, >20:1 3 3c¢R'=nPr,  4c 42 89, 1.4:1
10 1k R=4-CNPh 2k 20 87, >20:1 R*=H
11 11, R=26-Me,Ph 21 19 93, >20:1 4 3d,R'=H, 4d 1.4 97, 1.4
12 1m,R=26-C,Ph 2m 25 85, >20:1 R*=Et
13 1n,R=4-NO,Ph 2n 4.1 51, >20:1
Ph. R N
NH f Ph g O
Ph o)\o N
J\r)\( T o=
0”0 Nag o
0='(O 5 3eR=Me  4e 28 91
69 3fR=H af 121 58 (27)
14 1o 20 34 81, >20:1 [a] Reaction conditions: RVC anode, Pt cathode, 10 mA, 1 (0.35 mmol),
TEMPO (0.70 mmol), Bu,NBF, (1.0 mmol), Na,CO; (0.35 mmol), H,O
Pho\H Ph O~N (0.5 mL), CH,CN (9.5mL), 60°C. [b]lsolated vyield. [c] Determined by
J\ O=(N "H NMR spectroscopic analysis of the crude reaction mixture. [d] % Recov-
SRS o ered starting material shown in parenthesis.
15 1p 2p 2.1 90, >20:1
oh D was oxidized much more readily than the latter (E,,=0.70 and
Phe i % N 1.53 V for TEMPO and 1 a, respectively, versus an Ag/AgCl refer-
oo 0=No” ence electrode).
We then investigated the oxidation of 1a with pre-synthe-
16 1q 2q 1.5 96, >20:1 . . 17 .
sized oxoammonium salt 11" (Scheme 5). The reaction was
Ph successful only when Cs,CO; was added, but not when the re-
NH ,@u Ph action mixture contained Na,CO; or was base-free.* These
. N - . . .
oo T o< findings suggested that the generation of the nitrogen radicals
N. . .
0o Ts likely proceeded through the TEMPO-mediated pathway but
7 2r 36 89, >20:1 required a base for efficiency. Despite the fact that Na,CO; was
oh. R previously found to be the best alkaline additive for the elec-
JN\H D Ph R o-N trolysis, it was unlikely to be directly involved in the radical
NaiA . e . .
S o< I> generation step because of its inability to induce substrate oxi-
o dation in an electricity-free environment. Based on this reason-
18 1s,R=H 2s 14 86, >20:1 . - . . .
19 1t R=Me 2t 30 81 41 ing, we theorized that hydroxide, generated during electrolysis
' ' as a result of H,0 reduction at the cathode, facilitated the
R.NH R o-N TEMPO-mediated electrochemical oxidation of the substrates
OJ\/@ NaA (Scheme 4). The failure of Na,CO, to promote the oxidation of
Oz@ the carbamate was probably caused by its relatively low solu-
20 1u,R=Ph 2u 25 95, >20:1 bility in the mixed solvent used.
21 1v, R=4-MeOPh 2v 1.4 90, >20:1

[a] Reaction conditions: RVC anode, Pt cathode, 10 mA, 1 (0.35 mmol),
TEMPO (0.70 mmol), Bu,NBF, (1.0 mmol), Na,CO; (0.35 mmol), H,O
(0.5mL), CH;CN (9.5 mL), 60°C. [b]Isolated yield. [c] Determined by
'H NMR spectroscopic analysis of the crude reaction mixture. [d] 1.0 gram
of 10 was used.
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In conclusion, electrooxidative formation of nitrogen-cen-
tered radicals and their addition to alkenes in the presence of
TEMPO constitutes a general and mild approach to alkene ami-
nooxygenation. Our method in this study relies on the dual
role of TEMPO as both a redox mediator and a radical trap and
offers much-needed complementation to existing cis-selective
methods in the generation of trans-configured aminoalcohol
motifs from cyclic alkenes.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. ORTEP representation of 2h (a) and 2q (b); thermal ellipsoids are shown at 50% probability.
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Scheme 2. Transformations of the aminooxygenation products. a) Zn
(12 equiv), AcCOH/THF/H,0 (3:1:1), 50°C, 3 h; b) 3-Chloroperbenzoic acid

(1.5 equiv), CH,Cl,, 0°C, 0.5 h; ¢) iPr,NH (6.2 equiv), toluene, 150°C, 12 h.

RVC anode, Pt cathode
10 mA, 2.0 F mol!
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Scheme 3. Electrolysis of 9.
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Scheme 4. Mechanistic rationale for the generation of nitrogen radicals.
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1

Scheme 5. Aminooxygenation using oxoammonium salt 11.
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