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Under AgOTf and Brønsted acid co-catalysis, O-alkyl o-alkynylbenzaldoxime derivatives undergo a cycli-
zation-induced N–O cleavage to produce isoquinolines with the simultaneous oxidation of O-alkyl group.
This redox-based method provides a general access to diverse isoquinoline-derived heterocycles that are
simple, efficient, and tolerant of various functional groups from readily available and hydrolytically stable
oxime precursors.
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Table 1
Redox-mediated isoindole synthesis

N
OR

Ph

AgOTf (10 %)
DCE, 70 oC

N

Ph3 h

1 2a

N

Ph
Ag
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Entrya R 2ab (%) Remarks

1 CH2CH@CHPh (1aa) 85 Cinnamaldehyde (70%)b

2 CH2CH@CH2 (1ba) 90 Acroleinc

3 CH2Ph (1ca) 93 PhCHOc

4 CH(Me)CH@CH2 (1da) 82 CH3C(O)CH@CH2
c

Recently, there has been a notable progress in the electrophilic
metal-catalyzed or electrophile-promoted annulation of alkyne.1

These methods have provided powerful means to assemble a vari-
ety of biologically important heterocycles. Various metal salts,
Pd(II), Ag(I), Cu(I), Au(I), Au(III), Hg(II), and Pt(II) salts as well as
stoichiometric electrophile (I2, ICl, and PhSeCl) have been shown
to initiate these electrophilic cyclizations. Particularly notable are
the processes that occur with additional C–C or C–X bond forma-
tion, which leads to the increased product diversity.2 However, rel-
atively little attention has been paid toward electrophilic
cyclization that occurs with the concurrent bond rupture. Proto-
typical transition metal-catalyzed procedure of the latter type is
Larock’s cyclization of o-alkynyl t-butylaldimine that led to an effi-
cient entry to isoquinolines.3 Considering the medicinal impor-
tance of isoquinolines, novel methods that are simple, efficient,
and general and that can be mild alternative to classical proce-
dures4 will be highly desirable.

In the course of our recent study on the reactions of substrates
having N–O bonds under electrophilic metal catalysis,5 we recog-
nized an interesting synthetic potential of the redox chemistry dis-
played by these N–O substrates. For example, in our synthesis of
isoquinoline-N-oxides from o-alkynyl benzaldoximes,5b the preset
oxidation state that is available from inexpensive hydroxylamine
derivatives, obviate the need for extra oxidation step. Furthermore,
in our gold-catalyzed azomethine generation and [3+2] cycloaddi-
tion cascade,5c the cleavage of the N–O bond mediates the required
oxidation of alkyne into a-oxo carbenoid and simultaneous reduc-
tion of nitrone into imine. Along this line, development of redox
reactions mediated by oxime derivatives toward novel redox trans-
formations will be a worthwhile objective,6 particularly because
they are readily prepared from stable and cheap hydroxylamine
ll rights reserved.
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derivatives, and their redox chemistry could often occur under a
mild condition. Moreover, the hydrolytic instability of imines3a,3b,12

that were observed in some cyclizations of t-butylaldimines could
be prevented by using more hydrolytically robust oxime precursors.
Herein we report a cyclization-induced N–O cleavage leading to
isoquinolines and the details of its development.7

The required O-alkyl oxime derivatives 1 were prepared from
the alkylation (NaH, BnBr in THF) or Pd-catalyzed allylation of par-
ent oximes,8 or more conveniently by the condensation of com-
mercially available O-alkyl hydroxylamines (AllylNHOH or
BnNHOH) with the corresponding aldehydes.9 When 1a was
heated with AgOTf (10 mol %) in CH2Cl2 at 70 �C (sealed tube),
the isoquinoline 2a was obtained in 85% isolated yield after 3 h
(entry 1, Table 1). Inspection of the reaction mixture also revealed
the presence of cinnamaldehyde (70%), indicating simultaneous
a DCE (1,2-dichloroethane).
b Isolated yields after chromatography.
c The presence of these products was confirmed from the crude 1H NMR spectra

but their yields were not determined due to volatility.



Table 2
The Effect of Ag(I)-salts and TfOH co-catalyst (1ca ? 2a)

Entrya Catalyst (%) Time (h) Yieldb (%)

1 TfOH (5) 10 0c

2 AgSbF6 (5) 10 95
3 AgOTf (5) 10 95
4 AgBF4 (5) 10 25
5 AgNTf2 (5) 10 70
6 Ag2CO3 (2.5) 10 15
7 Ag2O (2.5) 10 94
8 AgClO4 (5) 10 39
9 AgOTf (5) 3 75

10 AgOTf (5)/TfOH (5) 1 >97
11 AgOTf (5)/TfOH (10) 1 >96
12 AgOTf (5)/HNTf2 (5) 1 74

a All reactions were carried out at 70 �C for 10 h in DCE using 1b as substrate,
unless otherwise noted.

b Determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard.
c Starting material remained intact.
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oxidation of O-cinnamyl group. To optimize the O-alkyl group, cin-
namyl group was replaced with allyl (1b) or benzyl (1c) group and
these substrates had a slight improvement in terms of yield, with
the formation of the respective carbonyl by-products (entries 2
and 3). The reaction presumably proceeds through 6-endo-dig
addition of N-atom of oxime on Ag-activated alkyne, followed by
N–O cleavage, during which the O-alkyl group is oxidized into
the corresponding carbonyl compounds.

The effect of various silver (I) salts on the cyclization is summa-
rized in Table 2. In the presence of mere Brønsted acid (TfOH, 5%),
the reaction did not proceed at all and the starting 1ca remained
intact. Among the silver salts screened, AgOTf, AgSbF6, and Ag2O
(all at 5 mol % catalyst loading) stood out in terms of the reaction
time and yield providing 2a in �95% yield after 10 h at 70 �C (en-
tries 2, 3, and 7). Use of Brønsted acid co-catalyst (5%) along with
AgOTf (5%) further boosted the reactivity, giving 2a in >97% yield
in only 1 h, while the reaction without the co-catalyst gave 75%
yield in 3 h (entries 9 and 10). Use of TfOH in more than >30%
led to a slightly lower yield due to the decomposition. Change of
acid co-catalyst into HNTf2 led to a lower yield of 2a (entry 12).
The reason for this beneficial effect of Brønsted acid is presumably
due to a facile proto-demetallation in the turnover step.10 Surpris-
ingly, however, the use of various gold(I) catalysts of the type Au(-
L)OTf showed inferior results compared to AgOTf under a similar
reaction condition. We also examined the solvent effect using
AgOTf (5%) as a catalyst: Among the solvents screened, CH2Cl2

and 1,2-dichloroethane displayed a steady and the highest conver-
sion, while more polar solvents (DMF, CH3NO2, or CH3CN) also
showed high initial rates but lower overall conversions. However,
the reaction was inefficient in MeOH or in toluene.

The optimized reaction condition mentioned above (AgOTf
5 mol % and TfOH 5 mol % in DCE at 70 �C) led us to examine the
generality of the reaction in the synthesis of various isoquinoline
skeletons (Table 3). As also shown in Table 1, the O-benzyl sub-
strate (1cc) on the oximes underwent slightly faster reaction than
O-allyl substrate (1bc) (entries 3 and 4). Electron-demand in the
alkynyl terminus had dramatic effect on the efficiency of cycliza-
tion. Placing electron-rich aryl group instead of Ph at R2 signifi-
cantly shortened the reaction time (entries 1 and 2).3i While the
substrates with R2 = aryl led to an efficient cyclization, the sub-
strates with alkenyl or long alkyl group at R2 underwent sluggish
reaction and required relatively longer reaction time at higher cat-
alyst loadings (entries 3–5, 12, and 13).11 We also explored sub-
strates with varying electron demands in the aromatic core.
Substitution with fluoro, chloro, trifluoromethyl, methyl, methoxy,
or dimethoxy group could well be accommodated in this
cyclization (entries 6–12). Importantly, in contrast to the classical
Pictet–Spengler reaction which requires electron-rich aromatic
group for effective cyclization, electron-deficient aromatic sub-
strates worked equally well (entries 6–8) or even better than elec-
tron-rich aromatic substrates (entries 3 and 5 vs entries 12 and
13).7 We also explored ketoxime derivatives (entries 14 and 15).
In fact, the reactions of ketoximes occurred much faster than those
of aldoximes (entries 14 and 15).12 The efficiency of this cyclization
is also demonstrated in the synthesis of 1,6-naphthyridine (entry
16). In addition, double cyclization underwent smoothly with
remarkable efficiency to give pyrido[3,4-g]isoquinolines and pyr-
ido[4,3-g]isoquinolines, although in this case, further catalyst load-
ings were required for a full conversion (entries 17 and 18).
Notably the heterocycles 2o, 2p, and 2q are highly fluorescent
and will have important applications in materials science.

The mechanistic course of this reaction deserves further com-
ments. To support the mechanistic proposal in Table 1, the (Z)-ket-
oxime derivative 1br was prepared and tested under our standard
catalytic condition. While (E)-ketoxime derivatives 1bm and 1bn
efficiently cyclized (Table 3), the (Z)-1br remained intact after
3 h at 70 �C, indicating that (E)-geometry is required for the redox
cyclization (Eq. 1). In addition, we inspected the nature of N–O
cleavage in further detail by preparing electronically tuned O-ben-
zyloxime derivatives 1ea and 1fa. Comparison of the reaction rates
determined after the same reaction time shows that there is a
small but discernable electronic effect: Electron-donating –OMe
group (1ea) had a similar or slightly increased rate of the cycliza-
tion, while nitro group (1fa) showed a slightly diminished reaction
rate (Eq. 2).
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From the above data, the E1cb-type elimination could be ruled
out based on the observed slower rate of 1fa cyclization. Unimolec-
ular (E1) mechanism would generate a highly reactive alkyloxeni-
um ion13 and thus could also be disfavored (path A, Scheme 1).
Homolytic cleavage of N–O bond (path B) is less likely because
such process would require a photolysis condition,14 and the cur-
rent reaction proceeds smoothly in the dark or in the presence of
1 equiv of BHT (2,6-di-tert-butyl-4-methylphenol) as a radical trap
under otherwise identical conditions. With BHT, benzyl alcohol
would be expected as a by-product from the cyclization 1ca under
the homolytic condition, but was not observed.15 Thus bimolecular
E2-type elimination (path C) with concerted bond cleavage seems
to be the most likely.

In summary, we demonstrated that O-alkyl benzaldoxime
derivatives undergo a cyclization-induced N–O cleavage to provide
isoquinolines and this general protocol is efficiently co-catalyzed
by AgOTf and TfOH. The feature of this cyclization is its simplicity,
mild reaction conditions, and its generality with regard to aromatic
substituent. For example, elaborate aza-aromatics, such as pyr-
ido[4,3-g]isoquinolines and pyrido[3,4-g]isoquinolines could be
readily assembled by this protocol.



N

Ph
Ag(H)

O R

H
B

E2-type
2a

N

Ph
Ag(H)

O R E1-type N

Ph
Ag(H)

+O R

N

Ph
Ag(H)

O R homolytic N

Ph
Ag(H)

O R

H
path A

path B

path C

Scheme 1. Possible mechanisms for the N–O redox.

Table 3
AgOTf/TfOH-catalyzed synthesis of isoquinolinesa

Entry Substrate Conditiona (x mol %/time) Productb (%)

N
OR1

R2
FG

N

R2
FG

1 R1 = Bn, R2 = Ph (1ca) 5/1 h 2a, 95
2 R1 = Bn, R2 = 4-MeO-C6H4 (1cb) 5/0.5 h 2b, 93
3 R1 = allyl, R2 = n-Hex (1bc) 10/10 h 2c, 72
4 R1 = Bn, R2 = n-Hex (1cc) 5/7 h 2c, 76
5 R1 = Bn, R2 = cyclohex-1-enyl (1cd) 10/6.5 h 2d, 85
6 R1 = Bn, R2 = Ph, FG = 5-F (1ce) 5/5 h 2e, 96
7 R1 = Bn, R2 = Ph, FG = 5-Cl (1cf) 5/3.5 h 2f, 83
8 R1 = Bn, R2 = Ph, FG = 5-CF3 (1cg) 5/5.5 h 2g, 70
9 R1 = Bn, R2 = Ph, FG = 5-CH3 (1ch) 5/3 h 2h, 65

10 R1 = Bn, R2 = Ph, FG = 5-OCH3 (1ci) 5/4.5 h 2i, 82
11 R1 = Bn, R2 = Ph, FG = 4,5-di-OCH3 (1cj) 5/4.5 h 2j, 81
12 R1 = allyl, R2 = n-Hex, FG = 5-OCH3 (1bk) 10/17 h 2k, 71
13 R1 = Bn, FG = 4,5-di-OCH3, R2 = cyclohex-1-enyl (1cl) 10/18 h 2l, 57c

N
OR1

R2

Me

N

R2

Me

14 R1 = allyl, R2 = Me (1bm) 5/2 h 2m, 86

15 R1 = allyl, R2 = cyclohex-1-enyl (1bn) 5/0.5 h 2n, 92

16
N

N
OBn

Ph

10/17 h

2o, 63c

N

N

Ph

17
N

OBn

nBu

N
BnO

nBu

20/18 h

2p, 75c,d

N

nBu
N

nBu

18
N

OBn

nBu

N

nBu

BnO

20/18 h

2q, 65c,d

N

nBu

N

nBu
a Equimolar amount (x mol %) of AgOTf and TfOH in 1,2-dichloroethane at 70 �C.
b Isolated yield after chromatography.
c Unreacted starting material remained.
d Two portions of AgOTf/TfOH (10 mol %) were added successively at 10 h time interval.
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