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/Abstract: Binuclear copper complex [{Cu(Sal),(NCMe)},]
(Sal=salicylate) was found to be an active catalyst for the
aerobic oxidation of N-aryl tetrahydroisoquinolines to the
corresponding iminium ions, which could be trapped by
a wide range of nucleophiles to form coupled products. The
reactions took place under 1 bar of O, at room temperature
with 1 mol% of the copper catalyst being sufficient in most
cases, and are considerably accelerated by catalytic chloride
anions. Mechanistic studies show that the Cu" dimer oxidizes

the amine to the iminium ion, and this two-electron process
requires O,, whereby the resulting Cu' is concomitantly re-
oxidised back to Cu". Various lines of evidence suggest that
the oxidative coupling reaction is turnover-limited by the
step of iminium formation, and it is this step that is promot-
ed by the chloride anion. Since it is more efficient than and
mechanistically distinct from the well-studied simple copper
salts such as CuBr and CuCl,, the binuclear copper catalyst
provides a new tool for oxidative coupling reactions. )

Introduction

Catalytic oxidation with oxygen as oxidant is an ideal route for
functionalization of organic molecules. In nature, enzymes acti-
vate oxygen, which then oxidizes the substrate, while oxygen
is transformed into hydrogen peroxide/water (oxidases) or in-
corporated into the product (oxygenases)." The active site of
many enzymes contains bimetallic centres.” For example, the
R, protein of ribonucleotide reductase (RNR-R,) and the hy-
droxylase component of soluble methane monooxygenase
(sMMO) have carboxylate-bridged non-heme diiron centres.**
Dicopper proteins are particularly prominent and feature in
a number of important biological reactions that involve oxy-
gen.?¢f3 Well-known examples include haemocyanin,”¥ tyrosi-
nase®™ and catechol oxidase,™ whereby hemocyanin acts as an
oxygen transporter, and the other two enzymes catalyse the
oxidation of phenolic compounds [Egs. (1) and (2)]. Particulate
methane monooxygenase (pMMO) is also believed to have a di-
copper active site.”’ Inspired by nature, a great number of bi-
nuclear copper complexes bearing nitrogen ligands have been
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synthesized with the aim of mimicking the oxidation ability of
these enzymes.'® 2”306
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Paddle-wheel Cu" carboxylate dimers are another well-
known class of binuclear copper complexes.®! These complexes
have been studied for their peculiar structures, magnetism and
electrochemical properties.®~497 Of particular interest are com-
plexes derived from salicylic acid and derivatives, for example,
[Cu,(Aspirin—H),L,] (Aspirin = 2-acetylsalicylic acid), which show
potent anti-inflammatory, anticonvulsant and antitumour activ-
ities and have been extensively studied as superoxide dismu-
tase mimetics, mainly owing to their ability to dismutate the
reactive oxygen species O, .”) However, these binuclear
paddle-wheel Cu" carboxylates have rarely been studied as cat-
alysts for synthetic chemistry.®>'” Herein, we report that
a simple binuclear Cu" salicylate complex catalyses highly effi-
cient cross dehydrogenative coupling (CDC) of amines, which
appears to operate by a novel mechanism.

The CDC reaction, or oxidative coupling, in which a new
bond C—X is formed as a result of coupling of two molecular
fragments RH and HX (X denotes a heteroatom) by oxidation,
is a powerful tool for direct functionalization of C—H bonds
[Eg. 3)1." In particular, the CDC reaction of amines, typified
by N-phenyltetrahydroisoquinoline, with nucleophiles has been

+ HO (1)
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extensively investigated.""**#'? Since the pioneering studies
of Murahashi etal™ and Li etal™ on CDC reactions of
N-phenyltetrahydroisoquinoline catalysed by RuCl; and CuBr,
a variety of catalysts have been introduced, for example,
CuBr,™ CuClL,™ Cu(0TH)," FeCl,,"” and VO(acac), (acac=
acetylacetonate),™ which permit a wide range of CDC reac-
tions. tert-Butyl hydroperoxide (TBHP) is the most often used
oxidant in these reactions."®'>'* |n comparison, the clean,
economic O, has featured much less.'**%17219 | addition, for
most of these catalysts, a shortfall is that they have only been
explored for one or two types of substrates.

XH M R-X 3
0] (©)

RH +

The simple copper halides have been most extensively stud-
ied as catalysts for CDC reactions, and some have been shown
to be particularly effective in the oxidative coupling of carbon
nucleophiles with amines.""*® One of the most notable exam-
ples is CuBr in conjunction with TBHP.'* Developed by Li and
co-workers, this catalytic system enables N-aryl tetrahydroiso-
quinolines to couple with a wide variety of nucleophiles, such
as alkynes, nitroalkanes, malonates, indoles, cyanides and
naphthols."™ They also demonstrated that the coupling with
nitroalkanes can be conducted with 0, or electrochemical-
ly.2% Klussmann and co-workers recently revealed that CuCl,
also catalyses the CDC reaction of N-aryl tetrahydroisoquino-
lines with a number of nucleophiles and, more interestingly,
oxygen can be used as the terminal oxidant for this wide
range of nucleophiles.?>'>?" We note that with these simple
copper salts, the catalyst loading is usually high, typically 5-
10 mol %.

It is generally believed, though rarely backed with evidence,
that the aerobic oxidative coupling of an amine with a nucleo-
phile (HNu) starts with catalyst-mediated electron transfer,
which leads to an iminium cation, to which HNu is added to
afford the coupled product.'%'?! The role of the terminal oxi-
dant O, is to oxidize the catalyst back to its starting oxidation
state (Scheme 1A), with no bearing on the step of amine oxi-
dation. In the last a few years, mechanistic studies by Kluss-
mann et al.*®<?" and Doyle et al."” have shed new light on
the CDC reactions of amines. In particular, the hypothetical imi-

0,

[M]Ox [M]Red
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Scheme 1. Common mechanism and that proposed by Klussmann et al. for
the CDC of amines.
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nium intermediate was isolated by Klussmann etal. in the
aerobic CDC of N-phenyl tetrahydroisoquinolines catalysed by
CuCl,2H,0,*?2 and a systematic study led to the refined
mechanism shown in Scheme 1B."**2"! The key feature of this
mechanism is that the amine is oxidized by two molecules of
the Cu" catalyst in a two-electron oxidation process in which
an iminium cation is formed and Cu" is reduced to a Cu' anion,
namely, CuCl,”. The catalytic cycle is completed by O, oxida-
tion of Cu' back to Cu". A recent computational study by Wu
and co-workers supports the mechanism.”® This mechanism
differs from the original proposal by Li et al. in that the imini-
um C=N bond does not coordinate to the copper centre.'=4d

Herein, we report that a dicopper tetrasalicylate complex
catalyses efficient CDC of N-aryl tetrahydroisoquinolines with
oxygen as oxidant (Scheme 2). The key features of the protocol
are:

1) The catalyst is a well-defined binuclear copper complex
and is much more active than the copper halide salts previ-
ously reported.

2) Chloride anion shows a remarkable accelerating effect on
the CDC.

3) Oxygen is necessary for copper oxidation and iminium for-
mation.

Mechanistically, the catalyst is thus different from the known
CDC catalysts, but resembles, to a certain degree, some well-
known copper enzymes, for example, dopamine -monooxy-
genase (Scheme 2).5>24

v T~
N, [Cu'-Cu'] 2N-r N.o
T [Cu'-Cu-O0H]” Nu

Scheme 2. Work reported herein and an outline of suggested reaction path-
ways.

Results and Discussion
Oxidative coupling reactions

Bimetallic tetracarboxylate units are stable structures common-
ly found in metal complexes.”’ Many such dicopper carboxyl-
ate complexes have been synthesized, with hundreds crystallo-
graphically characterized.®®" Surprisingly, their potential as cat-
alysts for organic synthesis has rarely been explored thus
far,®91% < 3lthough these dicopper complexes have been ex-
tensively studied as superoxide dismutase mimetics in bioinor-
ganic and medicinal chemistry.©9°ef

Synthesis of [{Cu(Sal),(NCMe)},]

Bimetallic tetracarboxylate Cu" complexes can be readily ac-
cessed from a Cu" salt in the presence of a carboxylic acid.
However, reactions of the same Cu" salt and a carboxylic acid
may lead to copper complexes of differing structures depend-
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ing on the synthetic conditions.®*"2% We found that the binu-
clear Cu" salicylate complex [{Cu(Sal),(NCMe)},] (1) can be pre-
pared easily and reproducibly by treating CuCl with salicylic
acid under oxygen. Thus, on stirring CuCl and 2 equiv of sali-
cylic acid in CH;CN at 40°C under a balloon pressure of
oxygen for 12 h and leaving the resulting solution at —10°C
for 2-3 d, fine green crystals of complex 1 were isolated in
22% vyield (Scheme 3). The structure of 1 was confirmed by

HO
O._OH 07 Vo
O, (balloon) ]q,O""’[,i;:O OH
cucl + OH ————————> H,C-C=EN-Cu  Cu—N=C—CHj
CH4CN, 40°C, 12 h ol o |
1 1
[OAPX¢]
o OH
LR OH
ﬁ;lf £
$ \5 27
7 2w 6.
ANz
NN
7N\
Y F
o \,\,\
o' -

ORTEP plot of 1 with 50%
probability ellipsoids

Scheme 3. Synthesis of binuclear copper complex [{Cu(Sal),(NCMe)},] (1).

single-crystal X-ray diffraction and is typical of paddle-wheel
tetracarboxylate dicopper(ll) complexes, with a Cu—Cu internu-
clear distance of 2.6643(6) Afahi®del ¥ ray photoelectron
spectroscopy of the crystals showed that the oxidation state
of the metal centres is Cu" (Supporting Information,
Scheme S1).%® The complex is paramagnetic, probably due to
population of its low-lying triplet state;*” thus, its 'H NMR
spectrum shows no resonance in the aromatic region. Howev-
er, a sharp singlet, corresponding to two free CH;CN mole-
cules, as judged by an internal standard, was observed in the
spectrum in CD,0D, that is, the coordinated CH;CN dissociates
from the complex upon dissolution in CD;0D (Supporting In-
formation, Scheme S1).

Effect of 1 and chloride on oxidative coupling

The catalytic activity of complex 1 was explored in the oxida-
tive cross-coupling of N-phenyltetrahydroisoquinoline (2a)
with hydroxycoumarin 3a by using O, as the oxidant. In the
absence of a catalyst, no reaction took place between 2a and
3a in CH;CN under an oxygen atmosphere at 30°C for 1h
(Table 1, entry 1). Upon addition of 1 mol% of 1 to the reac-
tion, the cross-coupling product 4a was obtained in 49% yield
(Table 1, entry 2). However, the reaction became sluggish
thereafter, and did not go to completion, even after a pro-
longed time of 24 h (Table 1 entry 3). Remarkably, upon intro-
duction of 2 equiv (relative to 1) of tetra-n-butylammonium
chloride (TBAC), the reaction was dramatically accelerated, and
94% vyield was obtained in 1 h (Table 1, entry 4). Under these
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Table 1. Catalytic activity of selected copper complexes in the CDC of 2a
with 3a.”

(:O OH Catalyst, additive
. _ Cetelystaddive:
N\@ m 0, (balloon), CH,CN, 30 °C
)

Entry Catalyst Catalyst loading [ Additive t[hl Yield [%]"
mol %] (mol %)
1 1 - - 1 0
2 1 1 - 1 49
3 1 1 - 24 73
4 1 1 TBAC (2) 1 94
5 1 0.5 TBAC (1) 12 91
6 1 0.25 TBAC (0.5) 24 76
7€ 1 1 TBAC (2) 1 42
8 1 1 TBAC (20) 1 <5
9 1 1 TBA Br (2) 1 70
10 1 1 TBA 1 (2) 1 0
1 5 1 TBAC (2) 1 42
12 6 1 TBAC (2) 1 29
13 Cudl 1 TBAC (2) 1 21
14 CudCl, 1 TBAC (2) 1 36
15 Cudl 1 - 1 33
16 CudCl, 1 - 1 40
0
9
07 Y0 . o]
oo o
OQ O/| [ Ui al),]
03 ~0

[a] Reaction conditions: N-phenyltetrahydroisoquinoline (0.25 mmol), hy-
droxycoumarin (0.5 mmol), MeCN (1 mL), O, balloon, 30°C. [b] Yield of
isolated product. [c] The reaction was carried out under air.

conditions the catalyst loading could be decreased to 0.5 and
0.25 mol %, with 91% yield in 12 h and 76% yield in 24 h, re-
spectively (Table 1, entries 5 and 6). To the best of our knowl-
edge, this is the highest substrate/catalyst ratio ever reported
for copper-catalysed aerobic CDC reactions.”™ The reaction
also took place under air, albeit with a lower yield (Table 1,
entry 7). The addition of more TBAC was, however, detrimental
to the coupling reaction (Table 1, entry 8). For more details of
the chloride effect, see Supporting Information, Scheme S2.
Tetrabutylammonium bromide also accelerated the reaction
(Table 1, entry 9), albeit to a lesser degree. However, the reac-
tion was totally inhibited by tetrabutylammonium iodide
(Table 1, entries 10). These results show that it is the anion that
affects the CDC rate, with chloride being the most promoting.
The inhibiting effect of iodide may arise from its propensity to
form stable iodide-bridged multicopper species.”” Somewhat
surprisingly, the aspirinate complex 5,°? in which the salicylic
acid of 1 is protected by acetyl groups, is much less active,
and so is the monomeric Cu" salicylate complex [Cu(sal),] (6),*?
in the presence of TBAC (Table 1, entries 11, 12). In its absence,
neither 5 nor 6 afforded any coupling product under the con-
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ditions used. The previously demonstrated simple copper salts,
such as CuCl and CuCl,"*"2<2" could also catalyse the aero-
bic coupling, and showed similar activity in the absence or
presence of TBAC (Table 1, entries 13-16). They are, however,
much less effective than the combination of 1 and TABC, and
afforded 4a in <60% yield in a prolonged time of 12 h under
the conditions given in Table 1.

Scope of 1-catalysed cross-coupling

The combination of 1 (1 mol%) and TBAC (2 mol %) as catalyst
(here after denoted 1-Cl) was used to examine the substrate
scope of 1-Cl-catalysed CDC of N-aryl tetrahydroisoquinolines
with hydroxycoumarins (Scheme 4). Apart from 2a, N-aryl tet-
rahydroisoquinolines with substituents at the N-phenyl ring all
reacted well with hydroxycoumarins, and afforded good to ex-
cellent yields (Scheme 4, 4a-4l). It appears that electron-do-
nating substituents generally bestow a higher activity than
electron-withdrawing ones (4b versus 4e-4h). However, the
2-OMe-substituted 2d and 2k required a considerably longer
time to react with 3, and this indicates inhibition by the sub-
stituent of possible coordination of 2 to the Cu" catalyst (see

11 mol%, TBAC 2 mol%
\O R m (balloon), CH;CN. 30°C o
)

4b, 4 h, 95%%, 80% 4c, R' = 4-OMe, 4 h, 75%2, 70%

4d, R' = 2-OMe, 24 h, 96%*, 93%

HO yZ [¢] F

49, 12 h, 91%2, 80%

o

4e, 12 h, 96%, 88% 4f, 12 h, 92%°, 79%

ORTEP plot of 4g with 50%

4h, 36 h, 61%2, 55%
B y 0:1:20:::09:70. probability ellipsoids

4i, 12 h, 93%2, 92%

4,12 h, 76%2, 70%

4K, 24 h, 79%2, 77% 41,24 h, 77%2, 75%

Scheme 4. Copper-catalysed coupling of N-aryl tetrahydroisoquinolines with
hydroxycoumarins. See the Supporting Information for experimental details.
Yields are given for isolated products. ¢ Determined by 'H NMR with 1,3,5-tri-
methoxybenzene as internal standard.
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below). Single crystals of product 4g were obtained and its
structure was confirmed by X-ray diffraction analysis (Scheme 4
and Supporting Information).

A range of other nucleophiles could also be coupled with
N-phenyltetrahydroisoquinoline (Scheme 5, 7a-71). Good to
excellent yields were obtained for carbon pre-nucleophiles, in-
cluding indoles (7a), nitromethane (7b), ketones (7c-7g), di-
methylmalonate (7h) and trimethylsilyl cyanide (7i). For the
ketone substrates, 10 mol% of proline was required as cocata-
lyst for the coupling reaction to proceed. In its absence, no
coupling products were observed. Proline has previously been
found to promote similar coupling reactions, presumably via
an enamine intermediate.®” Although a racemic product was
obtained for acetone here, a suitable chiral secondary amine
catalyst might allow for enantioselective cross-coupling.!'®>3"
Amide, dialkoxyl phosphonate and diaryl phosphonate are also
viable pre-nucleophiles, which allow for the direct construction
of C—N and C—P bonds from C—H bonds (7 j-71).

0O, (balloon), CHsCN, 30°C \©
X =Hor TMS Nu
a
n

- O C% O O
N NO,
O, 5
7¢,n=0,24h, 90 %2
7a, 24 h, 83% 7d,n =1, 36 h, 70%2

7e,n=2,24h, 83%
7f,n=5, 36 h, 80%?

<Z 0 CSEP e

7i, 24 h, 93%
12 h, 53%°

11 mol%, TBAC 2 mol%

7b, 16 h, 86%

79, 24 h, 95%* 7h, 24 h, 67%

7j, 24 h, 53% 7k, 48 h, 95% 71,48 h, 50%°

Scheme 5. Copper-catalysed coupling of N-aryl tetrahydroisoquinolines with
various nucleophilic reagents. See the Supporting Information for experi-
mental details. Isolated yield. * With 10 mol% proline as co-catalyst. ® Malo-
nonitrile was used as the pre-nucleophile. < The reaction temperature was
60°C.

Mechanistic studies

All of the previous studies on copper-catalysed CDC reactions
have been based on mononuclear copper catalysts.""#" The
key steps of the CDC involve amine oxidation to an iminium
cation by the Cu" catalyst, and the resulting Cu' species is oxi-
dized by O,, regenerating the Cu". Given the high activity and
versatility of 1 and the striking difference between 1 and the
mononuclear copper compounds in the CDC of 2 with 3a
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(Table 1), it was of interest to know whether the bimetallic
copper complex 1 would operate by the same mechanism.

Binuclear versus mononuclear catalysis

Binuclear Cu" carboxylates are known to exist as a mixture of
dimers and monomers in polar coordinating solvents such as
DMS0.%*37 To probe the mechanism of the 1-catalysed CDC
reaction, we first addressed whether or not the dimeric struc-
ture of 1 was maintained during the catalysis. Figure 1 com-
pares the activity of dimeric 1, monomeric 6 and CuCl, against

Catalyst
_———————

O, (balloon), CH3CN, 30 °C

o~ "0

2a 3a

9 ey
= 6+ TBAC
S e
g 5 A
S CuCI2 +TBAC
[«]
o
6
T T T T T T T 1
0 100 200 300 400 500 600 700 800

Time (min)

Figure 1. Performance of different catalysts in the CDC of 2a with 3a.
0.5 mol% 1 and 1 mol% TBAC (1-Cl); 1 mol% 1, 6 and CuCl,; 2 mol % of
TBAC (if added). Conversions were determined by 'H NMR spectroscopy
with 1,3,5-trimethoxybenzene as internal standard.

time in the cross-coupling of 2a with 3a in CH;CN. All three
compounds showed catalytic activity in the presence of TBAC,
but with distinct kinetic profiles. Whilst the reaction catalysed
by 6 and CuCl, became sluggish at about 50% conversion in
the presence of TBAC, that catalysed by 1-Cl was significantly
faster throughout, and was finished in 75 min. In addition, the
kinetics exhibited by 1 and 6 in the absence of TBAC is also re-
markably different: the former is active but is deactivated with
time, whilst the latter is essentially inactive. Since breaking up
of the dimeric structure of 1 may lead to species similar to 6,
the striking difference between 6 and 1 with or without TBAC
indirectly supports the notion that 1, or at least part of 1,
maintains its dimeric structure during the catalysis. Apparently,
the chloride anion, which accelerates the reaction and presum-
ably stabilizes the copper catalyst as well, plays a critical role
in the CDC by 1.

IR spectra provided more evidence. The solid-state IR spec-
trum of 1 shows v,,,(COO") at 1595 cm™' and Vagym(COO™) at
1391 cm™', characteristic of bridging carboxylate groups,® %
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Recycled 1 after catalysis

1599 4390

T T b T J T * T & T € T . T K T
2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

Figure 2. IR spectra of solid 6, 1 and recycled 1 after catalysis. The sample of
recycled 1 was prepared by removing CH;CN from the reaction mixture of

a catalytic reaction (20 mol% 1, 1 h under the same conditions as a normal
CDC) and washing with dichloromethane. IR spectra were measured with
KBr pellets.

which are absent in that of 6 (Figure 2). In the IR spectrum of
the mixture resulting from a completed oxidative coupling of
2a with 3a in the presence of a stoichiometric amount of 1-Cl
under 1 bar of O,, these characteristic peaks remain clearly visi-
ble (Supporting Information, Scheme S3). Similarly, when 1-Cl
was used in a catalytic amount (20% of 1) in the same reaction
and the catalyst separated from the reaction mixture after-
wards, the IR spectrum of the recovered catalyst again showed
these characteristic absorptions (Figure 2), and this suggests
that the reaction is catalysed by the dimeric complex.

Further evidence is provided by the UV/Vis spectrum in
CH,CN. Complex 1 shows a weak absorption at 401 nm, which
is in the position of band I, usually considered to be due to
a transition involving the binuclear Cu—Cu linkage (Figure 3).%
When 2a was oxidized (to the iminium cation, see below) by
a stoichiometric amount of 1-Cl under an atmosphere of O,,
the UV/Vis spectrum of the resulting mixture showed a band Il

—— 1+ TBAC (2 equiv.)
03 —— Stoichiometric reaction
’ —1
8
g 024
4
2
S
o
7]
)
< o
398
.y 401
T ’ T d T E T
320 400 480 560

Wavelength (nm)

Figure 3. UV/Vis spectra of 1, 1+ 2 equiv TBAC and the mixture following

a stoichiometric oxidation of 2a with 1. The stoichiometric reaction was car-
ried out with equimolar 1 and 2a (2 equiv TBAC) in CH,CN under 1 bar
oxygen at 30°C for 1 h. The concentration of 1 was 1x 10 °m in each case,
with CH,CN as solvent.
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absorption at 398 nm, similar to that of 1-Cl (Figure 3). Thus,
both IR and UV/Vis spectroscopic studies on these low-turn-
over reactions appear to support that 1 maintains, at least
partly, its binuclear structure in the studied CDC. Previous bio-
mimetic studies have shown binuclear copper complexes to
be generally more active than related mononuclear ones in
catalysing catechol oxidation.’®%

Stoichiometric reactions

The oxidation of 2a by Cu" is thermodynamically a downbhill
process.” Indeed, Klussmann and co-workers reported that 2a
could readily react with CuCl, in MeOH to form iminium cup-
rate compound 8, with or without O,, probably via a nitrogen-
centred cationic radial intermediate generated by single elec-
tron transfer (SET, Scheme 6).°»<2" We repeated this reaction
in MeOH under an argon atmosphere at ambient temperature.
'HNMR analysis of the green precipitate indeed showed the
formation of the iminium salt, supporting that “oxygen as the
terminal oxidant is only involved in the reoxidation of cop-
perﬂ.HSc]

—== .
CuCl,
O, or Ar

Scheme 6. Formation of iminium cuprate with CuCl, under argon or oxygen
at 25°C.

-H*, SET m,
EHSET N
ET,-H'
ek cucly \©

CuCl, o

2a

In stark contrast, the dimeric complex 1 does not react with
the amine in the absence of oxygen. Thus, no iminium salt was
observed when equimolar 1 and 2a were stirred under an
argon atmosphere in CH;CN at 30°C for 24 h; 2a was recov-
ered quantitatively (Scheme 7). Switching the solvent to MeOH
made no difference. In line with this, in the '"H NMR spectrum
of a 1:1 mixture of 1 and 2a in CD;CN at ambient temperature,
the signals of the amine were visible and showed no observa-
ble change with time under Ar. However, when O, was intro-
duced, a yellow-green solid precipitated from the mixture
within 2 h, which was identified as the iminium salt 9. The
"H NMR spectrum of 9 is broad but shows resonances similar
to those of 8, and the presence of the cation is further sup-
ported by HRMS analysis of the precipitate, which revealed the
molar mass of the iminium cation (m/z=208.1113). The broad-
ening of the NMR spectrum indicates that the anion in 9 forms
an ion pair with the cation™ and, unlike that in 8, it is para-
magnetic. This is echoed by the X-ray photoelectron spectrum
of the solid, which is identical to that of 1, and shows the pres-
ence of a Cu" species (Figure 4).”® However, the structure of
the anion remains unclear (for a suggested structure, see
below), and efforts to grow single crystals of 9 have failed so
far.

The observation of the inability of 1 to oxidize 2a, the ne-
cessity for O, for this reaction and the preservation of the Cu"
oxidation state sends a strong signal that the mechanism of
1-catalysed CDC differs from that catalysed by CuCl, or CuBr,
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i + HC-C=N-Cu  Cu=N=C—CH,
\@ olJ o ]
00X~ 0
2a, 1 equiv OH
OH
1, 1 equiv
CH3CN, 30 °C

under O,, 12 h, or with
TBAC (2 equiv), 2 h

with or without
TBAC

100% recovered starting material
OH

Cf\l
[O 2]
in situ, under Ar or Oy,
30°C, 1 h, 89% yield

J under Ar, 24 h,

Full conversion

Scheme 7. Stoichiometric reaction of 1 with 2a and subsequent transforma-
tions.

Cu 2p3/2
H 934.9

/

—— After the catalytic reaction
—— Before the catalytic reaction

5250 -

4500 - Cu 2p1/2

3750 -

Intensity (CPS)

3000 -

2250 —

1500 r - - . . - - - : .
970 960 950 940 930 920
Binding Energy (eV)

Figure 4. XP spectra of complex 1 and the reaction mixture resulting from
the equimolar reaction of 1 and 2a under O, (full conversion, as indicated
by TLC analysis).

the most widely used CDC catalysts to date. A likely scenario is
that a reversible SET from the amine to 1 occurs, and O, partic-
ipates in the subsequent oxidation that gives rise to 9 (see
below).

Further studies suggested that 9 is a key intermediate in the
coupling reactions (Scheme 7). Thus, on reaction with 1 equiv
of hydroxycoumarin 3a, the 9 formed in situ afforded the cou-
pling product 4a in about 90% yield in 1 h under Ar or O.,.

The effect of chloride ion

The CDC reaction catalysed by binuclear 1 is promoted by the
chloride anion. This raised the interesting question which step

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@‘* ChemPubSoc
x Europe

was accelerated: iminium formation or nucleophilic addition
(Scheme 7)? To address this question, we monitored the
reaction of equimolar 2a and 1 in CD;CN without a nucleophile
under air in an NMR tube by 'H NMR spectroscopy (Figure 5).
The reaction, which afforded 9, was slower than with oxygen
under the normal stirring conditions. With TBAC (2 equiv), the
initial rate of the reaction was more than twice that without it.
More strikingly, the reaction went to completion in 7 h in the
presence of TBAC, but became extremely slow in its absence
after about 6 h, reminiscent of the catalytic reaction (Figure 1)
and indicative of catalyst deactivation. These results suggest
that TBAC accelerates the iminium formation step in the CDC
and stabilises the copper catalyst.

WithTBAC 7h
5h

3h
10mm\

ppm 9.0 8.0 7.0 6.0 5.0 4.0 3.0
100
90

80 L

A

Without TBAC

L A
-
60 - -

50

404

Conversion (%)

30
20+
A

10

0 2 4 6 8 10 12 14 16 18 20 22
Time (h)

Figure 5. 'H NMR monitoring of the iminium (9) formation process with or
without TBAC (2 equiv). Reaction conditions: 1 (0.025 mmol), 2.0 equiv
TBAC, 1.0 equivalent of 2a, CD,CN (0.5 mL), 25°C, under air.

The effect of TBAC could stem from chloride coordination to
1 at the axial positions, given the easy coordination of ligands
to similar Cu" dimers.®**9 This coordination is not expected
to be strong, however, due to the well-known Jahn-Teller
effect.””¥ Indeed, in the presence of an excess of TBAC
(2 equiv), the colour of 1 remained green in CH,CN, and it was
the CH;CN-coordinated 1, instead of the chloride analogue,
that could be precipitated from the solution. However, both
the IR and UV spectra indicated the formation of new species
when 1 was mixed with TBAC in different ratios in CH;CN.
Thus, a shoulder peak at 1567 cm™' grew in the IR spectrum
when TBAC was added, while the characteristic peaks of 1 re-
mained approximately the same (Figure 6). In the UV spectrum,
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Figure 6. IR spectra of 1 and mixtures of 1 with TBAC with different molar
ratios. The samples were obtained by evaporation of solvent from the solu-
tion prepared by stirring different ratio of 1 and TBAC in CH;CN under Ar at
room temperature for 1 h.
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Figure 7. UV/Vis spectra of 1 and mixtures of 1 with TBAC with different
molar ratios. The samples were obtained by evaporation of solvent from the
solution prepared by stirring different ratio of 1 and TBAC in CH;CN under
Ar at room temperature for 1 h.

the absorption corresponding to the d-d transition® of 1 was
redshifted, and the degree of shift varied with the amount of
TBAC added (Figure 7). These observations indicate that the
chloride anion weakly binds to the copper dimer, with the
equilibrium in favour of the chloride-free dimer [Eq. (4)].

4)

We also examined the effect of TBAC on the electrochemical
behaviour of 1. The cyclic voltammogram of 1 revealed that

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

50
1 —1
40 ——1+ TBAC 1:1
J —1+TBAC 1:2
30

Current/ yA
N
[ =
1

T T T T T T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2
Potential Vs SCE / (V)

Figure 8. Cyclic voltammograms of 1 in the presence of different amounts
of TBAC. Measurement conditions: platinum-button working electrode,
1x1073m 1, 0.1 M tetrabutylammonium hexafluorophosphate buffer in ace-
tonitrile, under an atmosphere of N,, scan rate 20 mVs ™', at 25 °C.

the redox potential of 1 became more positive in the presence
of TBAC (Figure 8). This is in line with the observation made
with copper salts such as CuSO, in aqueous solution, that is,
the presence of chloride anion renders the formal redox poten-
tial for the Cu'/Cu" couple more positive, due to the preferen-
tial stabilisation of Cu' by the chloride ion >3

Regardless, our results, taken together, indicate that the
chloride anion coordinates to 1 reversibly, and the presence of
the chloride promotes the reduction of Cu", presumably via its
coordination to the resulting Cu'. Thus, the accelerating effect
of the chloride ion on iminium formation can be traced to 1-Cl
being more oxidizing than 1. How 1 is stabilized by chloride
remains to be further delineated, however (Figures 1 and 5).

Turnover-limiting step of the CDC

To gain further insight into the reaction mechanism, the kinetic
isotope effect (KIE) in the oxidative coupling reaction was mea-
sured for substrate 2a’, which was synthesized by iridacyle-cat-
alysed transfer hydrogenation with DCOOD.®™ As shown in
Scheme 8, the intramolecular CH/CD competition experiment
revealed a significant KIE with hydroxycoumarin or nitrome-
thane as the pre-nucleophile, which suggests that C—H bond
cleavage is involved in the turnover-limiting step of the CDC
reaction. The similarity of the KIEs with the two pre-nucleo-
philes also hints that the nucleophilic addition is less likely to
be turnover-limiting. A recent computational study supports
both propositions.”**

However, it is possible that the observed KIE simply results
from a product-determining step with a preceding rate-deter-
mining reaction.® To discern this possibility, two parallel, inde-
pendent reactions were also carried out with 2a and 2a”,
which was prepared by the method published recently by Yan
and co-workers.®” The KIE of about 2.6, calculated on the basis
of rates measured at low conversion, supports the conclusion
drawn for the intramolecular reaction. This value is considera-
bly larger than that of 1.3 found by Klussmman et al. for the
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Scheme 8. Intra- and intermolecular KIEs observed in CDC. For details of
how the KIEs were determined, see Supporting Information.

CDC of 1,1-dideuterated 2a with a silyl enol ether catalysed by
Cudl,, and indicates a change in the turnover-limiting step or
mechanism.?" In the latter case, an SET event from the nitro-
gen atom of 2a was suggested to be rate-determining.?”

'H NMR monitoring also supports that the iminium forma-
tion step is more difficult than the nucleophilic attack. Thus,
whilst the reaction of equimolar 1 and 2a in the presence of
TBAC requires about 7 h to completely form 9 (Figure 5), the
addition of 1 equiv of 3a to the same NMR tube led to the im-
mediate disappearance of 9 to form 4a. Although only broad
peaks were observed, the TLC analysis of the solution taken
from the NMR tube supports formation of the coupling prod-
uct 4a.

Proposed mechanism

On the basis of the above mechanistic studies and the litera-
ture, a mechanism for the oxidative coupling reaction is sug-
gested.®® Scheme 9 depicts that proposed for the oxidative
coupling of N-phenyltetrahydroisoquinoline with a nucleophile
HNu. Complex 1 is likely to be in equilibrium with chloride-co-
ordinated species such as 10 in MeCN. Coordination of the
amine substrate 2a is also likely. Indeed, the UV/Vis absorption
of 1 at 696 nm was redshifted upon addition of 2a to a MeCN
solution of 1 (Supporting Information, Scheme S4), and coordi-
nation of amino compounds such as pyridine to similar Cu"
carboxylate dimers has been reported.®” The next step is an
SET process, in which one electron is transferred from 2a to
form the Cu"Cu' intermediate 12 and the radical cation of 2a.
The SET reaction is reversible, as indicated by 2a remaining
intact in the absence of O,.
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The reversibility of SET in the metal-catalysed oxidation of
N,N-dialkyl anilines by TBHP has been elegantly established by
Doyle and Ratnikov."®' In the more closely related work by Wu
etal. on the reaction of CuBr, with 2a to form the radical
cation, the SET is calculated to be thermodynamically feasible
and kinetically facile (indeed, no barrier was revealed).”® The
presence of the chloride anion facilitates this process, presum-
ably by shifting the equilibrium to favour 12.

On reacting with O,, 12 is converted to the Cu"Cu" superoxo
radical 13, which abstracts a hydrogen atom from the amine
radical cation to give 9. The structure of 9 is less clear, howev-
er, as the negative charge on the copper complex could reside
on the entire molecule or a partly dissociated carboxylate.
NMR spectroscopy indicates that the anion of 9 forms a contact
ion pair with the iminium cation (see above).

Cu' compounds can be readily oxidized with 0,?” and the
resulting Cu" superoxo radicals and subsequent hydrogen-ab-
straction reactions to form Cu" hydroperoxo species have been
well documented in enzymatic and biomimetic catalysis,""®*”
for example, oxidation of alcohols by O, with galactose oxida-
sel'® and of primary amines by O, with a biphenoxide-
bridged copper dimer.*®" A recent computational study on
a Cu"/bipy-catalysed CDC involving C—S bonds also showed
that O, binds to the copper centre, forming a superoxo spe-
cies, which then undergoes the rate-determining hydrogen-
atom abstraction.”” Alternatively, a proton-coupled electron
transfer involving the coordinated carboxylate could take
place.[”b'B]
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The subsequent deprotonation of HNu by hydroperoxo
complex 9 regenerates 10 and, followed by nucleophilic addi-
tion of the resulting Nu™ to the iminium ion, affords the cou-
pling product and one molecule of H,0,. This reaction should
be kinetically facile, as indicated by the calculations of Wu
et al.”® The production of H,0, was supported by the observa-
tion that when PPh; was introduced into a MeCN solution of
an oxidative coupling reaction of 2a with 3a in which the O,
had been replaced with Ar, part of the phosphine (20%) was
oxidized to O=PPh; (Supporting Information, section 5.5). The
low yield of O=PPh; is probably due to in situ decomposition
of H,0, by the copper catalyst. Indeed, treating H,0, with cata-
lytic 1 in CH;CN at ambient temperature results in its quick de-
composition.

The overall CDC is limited in turnover by the hydrogen-ab-
straction step. This assertion finds support in the intra- as well
as intermolecular CH/CD competition reactions (Scheme 8),
and is also backed by the recent computational studies on
CDC reactions.”>*Y An unanswered question is why complex 5,
in which the hydroxyl group of the salicylate ligand is acetylat-
ed, is much less active. One possible explanation may be that
the hydroxyl group stabilizes the superoxo radical and/or par-
ticipates in the transition state of the hydrogen-abstraction re-
action through hydrogen bonding.*”’ However, we cannot rule
out the possibility of the hydroxyl group participating in the
redox process leading to the formation of phenoxyl radicals.

Conclusion

Carboxylate-bridged binuclear Cu" complexes have been
known for several decades and extensively studied as superox-
ide dismutase mimetics. In fact, copper salicylate has been
used as a potent anti-inflammatory.®” This study shows, for the
first time, that Cu" salicylate dimer 1 is a powerful catalyst for
the aerobic oxidative coupling of amines with carbon-, nitro-
gen- and phosphorus-based nucleophiles. Mechanistically, the
binuclear Cu" salicylate is distinct from the widely used simple
copper salts such as CuBr and CuCl, in the CDC.">?"* Only in
the presence of an oxidant can it oxidize the amine to the imi-
nium intermediate, and this process is notably accelerated by
the chloride ion. The oxidation of the SET-generated Cu'Cu'
species back to Cu'Cu" by O, precedes, rather than follows, the
formation of the iminium species, and O, is involved in each of
these two steps, formation of the iminium cation and reoxida-
tion of Cu'. What remains unclear is why the binuclear copper
complex 1 is more efficient than CuCl, and the analogous 5,
the role of the second copper atom and how chloride stabiliz-
es the catalyst.

Experimental Section

General procedure for CDC of 2: To a Schlenk tube equipped with
a magnetic stir bar, 2 (0.25 mmol), nucleophilic reagent (0.5 mmol),
1 (0.0025 mmol, 3.0 mg) and TBAC (0.005 mmol, 2.8 mg) were
added. MeCN (1.0 mL) was then introduced by a syringe, and the
reaction tube was degassed (3 times), charged with dioxygen gas
and kept under an oxygen atmosphere by using a balloon. After
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stirring at 30 °C for the time indicated, the reaction mixture was di-
luted with water and then extracted with dichloromethane (3x
15 mL). The organic layers were combined, washed with brine and
dried with Na,SO, Finally, the solvent was removed by rotary evap-
oration and the crude product purified by column chromatography
on silica gel with ethyl acetate/petroleum ether to afford the de-
sired product.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (21473109), Science and Technology Pro-
gram of Shaanxi Province (2016KJXX-26), the Program for
Changjiang Scholars and Innovative Research Team in Universi-
ty (IRT 14R33), and the 111 project (B14041) and Distinguished
Doctoral Research Found from Shaanxi Normal University
(S2012YBO01). We thank Prof Wei Zhang and Prof Honglan Qi
for discussion on and measurement of electrochemical data.

Keywords: copper - cross-coupling - homogeneous catalysis -
oxidation - reaction mechanisms

[1] a)B.J. Wallar, J. D. Lipscomb, Chem. Rev. 1996, 96, 2625-2658; b) D. E.
Wilcox, Chem. Rev. 1996, 96, 2435-2458; c)J. Stubbe, W. A. van der
Donk, Chem. Rev. 1998, 98, 705-762; d) M. Merkx, D. A. Kopp, M. H. Sa-
zinsky, J. L. Blazyk, J. Miiller, S. J. Lippard, Angew. Chem. Int. Ed. 2001, 40,
2782-2807; Angew. Chem. 2001, 113, 2860-2888; e)L. Que, W.B.
Tolman, Nature 2008, 455, 333-340; f)R. V. K. Cochrane, J. C. Vederas,
Acc. Chem. Res. 2014, 47, 3148-3161.

a) A. L. Feig, S.J. Lippard, Chem. Rev. 1994, 94, 759-805; b) L. Que, Y.

Dong, Acc. Chem. Res. 1996, 29, 190-196; c) J. Du Bois, T. J. Mizoguchi,

S.J. Lippard, Coord. Chem. Rev. 2000, 200-202, 443-485; d)T.D. H.

Bugg, Tetrahedron 2003, 59, 7075-7101; e) J. Weston, Chem. Rev. 2005,

105, 2151-2174; f) P. Haack, C. Limberg, Angew. Chem. Int. Ed. 2014, 53,

4282-4293; Angew. Chem. 2014, 126, 4368 -4380.

a) E. I. Solomon, P. Chen, M. Metz, S.-K. Lee, A. E. Palmer, Angew. Chem.

Int. Ed. 2001, 40, 4570-4590; Angew. Chem. 2001, 113, 4702-4724;

b) Copper Oxygen Chemistry, (Eds.: K. D. Karlin, S. Itoh), Wiley, New York,

2011.

[4] a) W. P.J. Gaykema, W. G.J. Hol, J. M. Vereijken, N. M. Soeter, H.J. Bak,
J. J. Beintema, Nature 1984, 309, 23-29; b) A. Volbeda, W. G. J. Hol, J.
Mol. Biol. 1989, 206, 531 -546.

[5] a) E.I. Solomon, U. M. Sundaram, T. E. Machonkin, Chem. Rev. 1996, 96,
2563-2606; b) Y. Matoba, T. Kumagai, A. Yamamoto, H. Yoshitsu, M. Su-
giyama, J. Biol. Chem. 2006, 281, 8981 -8990.

[6] a) T. Klabunde, C. Eicken, J. C. Sacchettini, B. Krebs, Nat. Struct. Mol. Biol.

1998, 5, 1084 -1090Zeitschrift wurde erst 2004 geriindet! ; b) C. Gerde-

mann, C. Eicken, B. Krebs, Acc. Chem. Res. 2002, 35, 183-191; ¢)I. A.

Koval, P. Gamez, C. Belle, K. Selmeczi, J. Reedijk, Chem. Soc. Rev. 2006,

35, 814-840.

R. Balasubramanian, S. M. Smith, S. Rawat, L. A. Yatsunyk, T. L. Stemmler,

A. C. Rosenzweig, Nature 2010, 465, 115-119.

[8] a) V. M. Rao, D.N. Sathyanarayana, H. Manohar, J. Chem. Soc. Dalton
Trans. 1983, 2167-2173; b) F. T. Greenaway, L. Joseph Norris, J. R. J. Sor-
enson, Inorg. Chim. Acta 1988, 145, 279-284; c) C. Dendrinou-Samara,
P. D. Jannakoudakis, D. P. Kessissoglou, G. E. Manoussakis, D. Mentzafos,
A. Terzis, J. Chem. Soc. Dalton Trans. 1992, 3259-3264; d) P. Kogerler,
P. A. M. Williams, B.S. Parajon-Costa, E.J. Baran, L. Lezama, T. Rojo, A.
Muiller, Inorg. Chim. Acta 1998, 268, 239-248; e) S. S.-Y. Chui, S. M.-F. Lo,
J.P.H. Charmant, A.G. Orpen, I. D. Williams, Science 1999, 283, 1148 -
1150; f)L. Ma, J. M. Falkowski, C. Abney, W. Lin, Nat. Chem. 2010, 2,
838-846; g) A.L. Abuhijleh, J. Khalaf, Eur. J. Med. Chem. 2010, 45,
3811-3817; h) V. Paredes-Garcia, R.C. Santana, R. Madrid, A. Vega, E.
Spodine, D. Venegas-Yazigi, Inorg. Chem. 2013, 52, 8369-8377; i) M.
Igbal, S. Ali, N. Muhammad, M. Sohail, Polyhedron 2013, 57, 83-93.

S

=

S

Chem. Eur. J. 2017, 23, 3051 - 3061 www.chemeurj.org

3060

CHEMISTRY

A European Journal

Full Paper

[9] a)J. R.J. Sorenson, J. Med. Chem. 1976, 19, 135-148; b) G. Morgant, N.-
H. Dung, J-C. Daran, B. Viossat, X. Labouze, M. Roch-Arveiller, F.T.
Greenaway, W. Cordes, J. R. J. Sorenson, J. Inorg. Biochem. 2000, 81, 11—
22; c) J. E. Weder, C. T. Dillon, T. W. Hambley, B. J. Kennedy, P. A. Lay, J. R.
Biffin, H. L. Regtop, N. M. Davies, Coord. Chem. Rev. 2002, 232, 95-126;
d) B. Viossat, J.-C. Daran, G. Savouret, G. Morgant, F. T. Greenaway, N.-H.
Dung, V. A. Pham-Tran, J.R.J. Sorenson, J. Inorg. Biochem. 2003, 96,
375-385; e) T. Fujimori, S. Yamada, H. Yasui, H. Sakurai, Y. In, T. Ishida,
JBIC, J. Biol. Inorg. Chem. 2005, 10, 831-841; f) M. O'Connor, A. Kellett,
M. McCann, G. Rosair, M. McNamara, O. Howe, B. S. Creaven, S. McClean,
A. Foltyn-Arfa Kia, D. O’'Shea, M. Devereux, J. Med. Chem. 2012, 55,
1957 -1968.

[10] a) F. P. W. Agterberg, H. A. J. Prové Kluit, W. L. Driessen, H. Oevering, W.
Buijs, M. T. Lakin, A.L. Spek, J. Reedijk, Inorg. Chem. 1997, 36, 4321 -
4328; b) A. E. Wendlandt, A. M. Suess, S.S. Stahl, Angew. Chem. Int. Ed.
2011, 50, 11062-11087; Angew. Chem. 2011, 123, 11256-11283; ¢) S. E.
Allen, R.R. Walvoord, R. Padilla-Salinas, M. C. Kozlowski, Chem. Rev.
2013, 7713, 6234-6458.

[11] a) C.-J. Li, Acc. Chem. Res. 2009, 42, 335-344; b)C.J. Scheuermann,
Chem. Asian J. 2010, 5, 436-451; c) W.-J. Yoo, C.-J. Li, in C—H Activation
(Eds.: J.-Q. Yu, Z. Shi), Springer, Heidelberg, 2010, pp. 281-302; d) C. S.
Yeung, V. M. Dong, Chem. Rev. 2011, 111, 1215-1292; e) M. Klussmann,
D. Sureshkumar, Synthesis 2011, 2011, 353-369; f) S. A. Girard, T. Knaub-
er, C-J. Li, Angew. Chem. Int. Ed. 2014, 53, 74-100; Angew. Chem. 2014,
126, 76-103; g) Y. Wu, J. Wang, F. Mao, F.Y. Kwong, Chem. Asian J.
2014, 9, 26-47; h) C. Liu, J. Yuan, M. Gao, S. Tang, W. Li, R. Shi, A. Lei,
Chem. Rev. 2015, 115, 12138-12204; i) J. Miao, H. Ge, Eur. J. Org. Chem.
2015, 2015, 7859-7868; j)H. M. L. Davies, D. Morton, J. Org. Chem.
2016, 81, 343 -350.

[12] a) K. R. Campos, Chem. Soc. Rev. 2007, 36, 1069 - 1084; b) K. M. Jones, M.
Klussmann, Synlett 2012, 23, 159-162.

[13] a)S. Murahashi, T. Naota, K. Yonemura, J. Am. Chem. Soc. 1988, 110,
8256-8258; b)S.-l. Murahashi, N. Komiya, H. Terai, T. Nakae, J. Am.
Chem. Soc. 2003, 125, 15312-15313; c) M. North, Angew. Chem. Int. Ed.
2004, 43, 4126 -4128; Angew. Chem. 2004, 116, 4218-4220; d) S.-l. Mur-
ahashi, D. Zhang, Chem. Soc. Rev. 2008, 37, 1490-1501.

[14] a) Z. Li, C.-J. Li, J. Am. Chem. Soc. 2004, 126, 11810-11811; b) Z. Li, C.-J.
Li, J. Am. Chem. Soc. 2005, 127, 3672-3673; ¢) Z. Li, D. S. Bohle, C.-J. Li,
Proc. Natl. Acad. Sci. USA 2006, 103, 8928 —8933.

[15] a) D. Sureshkumar, A. Sud, M. Klussmann, Synlett 2009, 2009, 1558-
1561; b) E. Boess, D. Sureshkumar, A. Sud, C. Wirtz, C. Farés, M. Kluss-
mann, J. Am. Chem. Soc. 2011, 133, 8106-8109; c) E. Boess, C. Schmitz,
M. Klussmann, J. Am. Chem. Soc. 2012, 134, 5317 -5325.

[16] a)Y. Zhang, C.-J. Li, Angew. Chem. Int. Ed. 2006, 45, 1949-1952; Angew.
Chem. 2006, 118, 1983-1986; b) G. Zhang, Y. Ma, S. Wang, W. Kong, R.
Wang, Chem. Sci. 2013, 4, 2645-2651.

[17] a) M. O. Ratnikov, X. Xu, M. P. Doyle, J. Am. Chem. Soc. 2013, 135, 9475 -
9479; b) M. O. Ratnikov, M. P. Doyle, J. Am. Chem. Soc. 2013, 135, 1549-
1557.

[18] A. Sud, D. Sureshkumar, M. Klussmann, Chem. Commun. 2009, 3169-
3171.

[19] a) O. Baslé, C.-J. Li, Green Chem. 2007, 9, 1047 -1050; b) Y. Shen, Z. Tan,
D. Chen, X. Feng, M. Li, C-C. Guo, C. Zhu, Tetrahedron 2009, 65, 158-
163; c) K. Yamaguchi, Y. Wang, N. Mizuno, Chemcatchem 2013, 5, 2835-
2838; d) E. Roduner, W. Kaim, B. Sarkar, V. B. Urlacher, J. Pleiss, R. Glaser,
W.-D. Einicke, G. A. Sprenger, U. BeifuB3, E. Klemm, C. Liebner, H. Hierony-
mus, S.-F. Hsu, B. Plietker, S. Laschat, Chemcatchem 2013, 5, 82-112;
e) N. Gulzar, B. Schweitzer-Chaput, M. Klussmann, Catal. Sci. Technol.
2014, 4, 2778-2796.

[20] O. Baslé, N. Borduas, P. Dubois, J. M. Chapuzet, T-H. Chan, J. Lessard, C.-
J. Li, Chem. Eur. J. 2010, 16, 8162-8166.

[21] M. Scott, A. Sud, E. Boess, M. Klussmann, J. Org. Chem. 2014, 79,
12033 -12040.

[22] A.S.K. Tsang, P. Jensen, J. M. Hook, A.S.K. Hashmi, M. H. Todd, Pure
Appl. Chem. 2011, 83, 655—665.

[23] G.-J. Cheng, L.-J. Song, Y-F. Yang, X. Zhang, O. Wiest, Y.-D. Wu, Chemplu-
schem 2013, 78, 943-951.

[24] K. Seymour, B. William F, B. Joseph, in Oxidation of Organic Compounds,
Vol. 77, American Chemical Society, 1968, pp. 172-176.

[25] Multiple Bonds Between Metal Atoms, 3rd Ed., (Eds: F. A. Cotton, C. A.
Murillo, R. A. Walton), Springer, New York, 2005.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/cr9500489
http://dx.doi.org/10.1021/cr9500489
http://dx.doi.org/10.1021/cr9500489
http://dx.doi.org/10.1021/cr950043b
http://dx.doi.org/10.1021/cr950043b
http://dx.doi.org/10.1021/cr950043b
http://dx.doi.org/10.1021/cr9400875
http://dx.doi.org/10.1021/cr9400875
http://dx.doi.org/10.1021/cr9400875
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2782::AID-ANIE2782%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2782::AID-ANIE2782%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2782::AID-ANIE2782%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20010803)40:15%3C2782::AID-ANIE2782%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2860::AID-ANGE2860%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2860::AID-ANGE2860%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3757(20010803)113:15%3C2860::AID-ANGE2860%3E3.0.CO;2-2
http://dx.doi.org/10.1038/nature07371
http://dx.doi.org/10.1038/nature07371
http://dx.doi.org/10.1038/nature07371
http://dx.doi.org/10.1021/ar500242c
http://dx.doi.org/10.1021/ar500242c
http://dx.doi.org/10.1021/ar500242c
http://dx.doi.org/10.1021/cr00027a011
http://dx.doi.org/10.1021/cr00027a011
http://dx.doi.org/10.1021/cr00027a011
http://dx.doi.org/10.1016/S0010-8545(00)00336-2
http://dx.doi.org/10.1016/S0010-8545(00)00336-2
http://dx.doi.org/10.1016/S0010-8545(00)00336-2
http://dx.doi.org/10.1016/S0010-8545(00)00336-2
http://dx.doi.org/10.1016/S0010-8545(00)00336-2
http://dx.doi.org/10.1016/S0040-4020(03)00944-X
http://dx.doi.org/10.1016/S0040-4020(03)00944-X
http://dx.doi.org/10.1016/S0040-4020(03)00944-X
http://dx.doi.org/10.1021/cr020057z
http://dx.doi.org/10.1021/cr020057z
http://dx.doi.org/10.1021/cr020057z
http://dx.doi.org/10.1021/cr020057z
http://dx.doi.org/10.1002/anie.201309505
http://dx.doi.org/10.1002/anie.201309505
http://dx.doi.org/10.1002/anie.201309505
http://dx.doi.org/10.1002/anie.201309505
http://dx.doi.org/10.1002/ange.201309505
http://dx.doi.org/10.1002/ange.201309505
http://dx.doi.org/10.1002/ange.201309505
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4570::AID-ANIE4570%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4570::AID-ANIE4570%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4570::AID-ANIE4570%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4570::AID-ANIE4570%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4702::AID-ANGE4702%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4702::AID-ANGE4702%3E3.0.CO;2-6
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4702::AID-ANGE4702%3E3.0.CO;2-6
http://dx.doi.org/10.1038/309023a0
http://dx.doi.org/10.1038/309023a0
http://dx.doi.org/10.1038/309023a0
http://dx.doi.org/10.1016/0022-2836(89)90499-3
http://dx.doi.org/10.1016/0022-2836(89)90499-3
http://dx.doi.org/10.1016/0022-2836(89)90499-3
http://dx.doi.org/10.1016/0022-2836(89)90499-3
http://dx.doi.org/10.1021/cr950046o
http://dx.doi.org/10.1021/cr950046o
http://dx.doi.org/10.1021/cr950046o
http://dx.doi.org/10.1021/cr950046o
http://dx.doi.org/10.1074/jbc.M509785200
http://dx.doi.org/10.1074/jbc.M509785200
http://dx.doi.org/10.1074/jbc.M509785200
http://dx.doi.org/10.1038/4193
http://dx.doi.org/10.1038/4193
http://dx.doi.org/10.1038/4193
http://dx.doi.org/10.1038/4193
http://dx.doi.org/10.1021/ar990019a
http://dx.doi.org/10.1021/ar990019a
http://dx.doi.org/10.1021/ar990019a
http://dx.doi.org/10.1039/b516250p
http://dx.doi.org/10.1039/b516250p
http://dx.doi.org/10.1039/b516250p
http://dx.doi.org/10.1039/b516250p
http://dx.doi.org/10.1038/nature08992
http://dx.doi.org/10.1038/nature08992
http://dx.doi.org/10.1038/nature08992
http://dx.doi.org/10.1039/DT9830002167
http://dx.doi.org/10.1039/DT9830002167
http://dx.doi.org/10.1039/DT9830002167
http://dx.doi.org/10.1039/DT9830002167
http://dx.doi.org/10.1016/S0020-1693(00)83970-5
http://dx.doi.org/10.1016/S0020-1693(00)83970-5
http://dx.doi.org/10.1016/S0020-1693(00)83970-5
http://dx.doi.org/10.1039/dt9920003259
http://dx.doi.org/10.1039/dt9920003259
http://dx.doi.org/10.1039/dt9920003259
http://dx.doi.org/10.1016/S0020-1693(97)05751-4
http://dx.doi.org/10.1016/S0020-1693(97)05751-4
http://dx.doi.org/10.1016/S0020-1693(97)05751-4
http://dx.doi.org/10.1126/science.283.5405.1148
http://dx.doi.org/10.1126/science.283.5405.1148
http://dx.doi.org/10.1126/science.283.5405.1148
http://dx.doi.org/10.1038/nchem.738
http://dx.doi.org/10.1038/nchem.738
http://dx.doi.org/10.1038/nchem.738
http://dx.doi.org/10.1038/nchem.738
http://dx.doi.org/10.1016/j.ejmech.2010.05.031
http://dx.doi.org/10.1016/j.ejmech.2010.05.031
http://dx.doi.org/10.1016/j.ejmech.2010.05.031
http://dx.doi.org/10.1016/j.ejmech.2010.05.031
http://dx.doi.org/10.1021/ic3027804
http://dx.doi.org/10.1021/ic3027804
http://dx.doi.org/10.1021/ic3027804
http://dx.doi.org/10.1016/j.poly.2013.04.020
http://dx.doi.org/10.1016/j.poly.2013.04.020
http://dx.doi.org/10.1016/j.poly.2013.04.020
http://dx.doi.org/10.1021/jm00223a024
http://dx.doi.org/10.1021/jm00223a024
http://dx.doi.org/10.1021/jm00223a024
http://dx.doi.org/10.1016/S0162-0134(00)00107-0
http://dx.doi.org/10.1016/S0162-0134(00)00107-0
http://dx.doi.org/10.1016/S0162-0134(00)00107-0
http://dx.doi.org/10.1016/S0010-8545(02)00086-3
http://dx.doi.org/10.1016/S0010-8545(02)00086-3
http://dx.doi.org/10.1016/S0010-8545(02)00086-3
http://dx.doi.org/10.1016/S0162-0134(03)00153-3
http://dx.doi.org/10.1016/S0162-0134(03)00153-3
http://dx.doi.org/10.1016/S0162-0134(03)00153-3
http://dx.doi.org/10.1016/S0162-0134(03)00153-3
http://dx.doi.org/10.1007/s00775-005-0031-3
http://dx.doi.org/10.1007/s00775-005-0031-3
http://dx.doi.org/10.1007/s00775-005-0031-3
http://dx.doi.org/10.1021/ic9614733
http://dx.doi.org/10.1021/ic9614733
http://dx.doi.org/10.1021/ic9614733
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/anie.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1002/ange.201103945
http://dx.doi.org/10.1021/cr300527g
http://dx.doi.org/10.1021/cr300527g
http://dx.doi.org/10.1021/cr300527g
http://dx.doi.org/10.1021/cr300527g
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1002/asia.200900487
http://dx.doi.org/10.1002/asia.200900487
http://dx.doi.org/10.1002/asia.200900487
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1002/asia.201300990
http://dx.doi.org/10.1002/asia.201300990
http://dx.doi.org/10.1002/asia.201300990
http://dx.doi.org/10.1002/asia.201300990
http://dx.doi.org/10.1021/cr500431s
http://dx.doi.org/10.1021/cr500431s
http://dx.doi.org/10.1021/cr500431s
http://dx.doi.org/10.1021/acs.joc.5b02818
http://dx.doi.org/10.1021/acs.joc.5b02818
http://dx.doi.org/10.1021/acs.joc.5b02818
http://dx.doi.org/10.1021/acs.joc.5b02818
http://dx.doi.org/10.1039/B607547A
http://dx.doi.org/10.1039/B607547A
http://dx.doi.org/10.1039/B607547A
http://dx.doi.org/10.1021/ja00232a060
http://dx.doi.org/10.1021/ja00232a060
http://dx.doi.org/10.1021/ja00232a060
http://dx.doi.org/10.1021/ja00232a060
http://dx.doi.org/10.1021/ja0390303
http://dx.doi.org/10.1021/ja0390303
http://dx.doi.org/10.1021/ja0390303
http://dx.doi.org/10.1021/ja0390303
http://dx.doi.org/10.1002/anie.200301750
http://dx.doi.org/10.1002/anie.200301750
http://dx.doi.org/10.1002/anie.200301750
http://dx.doi.org/10.1002/anie.200301750
http://dx.doi.org/10.1002/ange.200301750
http://dx.doi.org/10.1002/ange.200301750
http://dx.doi.org/10.1002/ange.200301750
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1039/b706709g
http://dx.doi.org/10.1021/ja0460763
http://dx.doi.org/10.1021/ja0460763
http://dx.doi.org/10.1021/ja0460763
http://dx.doi.org/10.1021/ja050058j
http://dx.doi.org/10.1021/ja050058j
http://dx.doi.org/10.1021/ja050058j
http://dx.doi.org/10.1021/ja201610c
http://dx.doi.org/10.1021/ja201610c
http://dx.doi.org/10.1021/ja201610c
http://dx.doi.org/10.1021/ja211697s
http://dx.doi.org/10.1021/ja211697s
http://dx.doi.org/10.1021/ja211697s
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1039/c3sc50604e
http://dx.doi.org/10.1039/c3sc50604e
http://dx.doi.org/10.1039/c3sc50604e
http://dx.doi.org/10.1021/ja402479r
http://dx.doi.org/10.1021/ja402479r
http://dx.doi.org/10.1021/ja402479r
http://dx.doi.org/10.1021/ja3113559
http://dx.doi.org/10.1021/ja3113559
http://dx.doi.org/10.1021/ja3113559
http://dx.doi.org/10.1039/b901282f
http://dx.doi.org/10.1039/b901282f
http://dx.doi.org/10.1039/b901282f
http://dx.doi.org/10.1039/b707745a
http://dx.doi.org/10.1039/b707745a
http://dx.doi.org/10.1039/b707745a
http://dx.doi.org/10.1016/j.tet.2008.10.078
http://dx.doi.org/10.1016/j.tet.2008.10.078
http://dx.doi.org/10.1016/j.tet.2008.10.078
http://dx.doi.org/10.1002/cctc.201300477
http://dx.doi.org/10.1002/cctc.201300477
http://dx.doi.org/10.1002/cctc.201300477
http://dx.doi.org/10.1002/cctc.201200266
http://dx.doi.org/10.1002/cctc.201200266
http://dx.doi.org/10.1002/cctc.201200266
http://dx.doi.org/10.1039/C4CY00544A
http://dx.doi.org/10.1039/C4CY00544A
http://dx.doi.org/10.1039/C4CY00544A
http://dx.doi.org/10.1039/C4CY00544A
http://dx.doi.org/10.1002/chem.201000240
http://dx.doi.org/10.1002/chem.201000240
http://dx.doi.org/10.1002/chem.201000240
http://dx.doi.org/10.1021/jo5018876
http://dx.doi.org/10.1021/jo5018876
http://dx.doi.org/10.1021/jo5018876
http://dx.doi.org/10.1021/jo5018876
http://dx.doi.org/10.1002/cplu.201300117
http://dx.doi.org/10.1002/cplu.201300117
http://dx.doi.org/10.1002/cplu.201300117
http://dx.doi.org/10.1002/cplu.201300117
http://www.chemeurj.org

Sl

[26]

[27]

[28]

[29]

[30]
31]

[32]
[33]
[34]
[35]

[36]

Chem. Eur. J. 2017, 23, 3051 -3061

\9}‘ ChemPubSoc

Europe

a)J. Kohout, J. Kratzmar-Smogrovic, Chem. Pap. 1968, 22, 481-492;
b) L-G. Zhu, S. Kitagawa, H. Miyasaka, H.-C. Chang, Inorg. Chim. Acta
2003, 355, 121-126; c) Z. Long-Guan, S. Kitagawa, J. Inorg. Organomet.
Polym, 12, 23-29.

F. A. Cotton, G. Wilkinson, M. Bochmann, G.R. N., Advanced Inorganic
Chemistry: A Comprehensive Text 5th Edition Wiley-Interscience, 1998.
a) M. Noji, M. Nakajima, K. Koga, Tetrahedron Lett. 1994, 35, 7983 -7984;
b) A. J. Catino, J. M. Nichols, B. J. Nettles, M. P. Doyle, J. Am. Chem. Soc.
2006, 728, 5648-5649; c) A.G. Condie, J.C. Gonzdlez-Gémez, C.R.J.
Stephenson, J. Am. Chem. Soc. 2010, 132, 1464 -1465.

a) Q. Benito, X. F. L. Goff, G. Nocton, A. Fargues, A. Garcia, A. Berhault, S.
Kahlal, J.-Y. Saillard, C. Martineau, J. Trébosc, T. Gacoin, J.-P. Boilot, S. Per-
ruchas, Inorg. Chem. 2015, 54, 4483 -4494; b) M. Wallesch, D. Volz, D. M.
Zink, U. Schepers, M. Nieger, T. Baumann, S. Brase, Chem. Eur. J. 2014,
20, 6578 -6590.

D. A. Williams, W. O. Foye, D.T. Walz, J. Pharm. Sci. 1976, 65, 126-128.
a)Y. Ma, G. Zhang, J. Zhang, D. Yang, R. Wang, Org. Lett. 2014, 16,
5358-5361; b) Y. Qin, J. Ly, S. Luo, Tetrahedron Lett. 2014, 55, 551-558.
R. G. Bhirud, T. S. Srivastava, Inorg. Chim. Acta 1990, 173, 121 -125.

J. Malyszko, M. Kaczor, J. Chem. Educ. 2003, 80, 1048 -1050.

C.T.J. Low, C.P. d. Leon, F. C. Walsh, Trans. of the IMF 2015, 93, 74-81.
a) C. Wang, A. Pettman, J. Bacsa, J. Xiao, Angew. Chem. Int. Ed. 2010, 49,
7548-7552; Angew. Chem. 2010, 122, 7710-7714; b) Q. Lei, Y. Wei, D.
Talwar, C. Wang, D. Xue, J. Xiao, Chem. Eur. J. 2013, 19, 4021 -4029.

E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066-
3072; Angew. Chem. 2012, 124, 3120-3126.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

CHEMISTRY

A European Journal

Full Paper

Y. Hu, L. Liang, W.-t. Wei, X. Sun, X.-j. Zhang, M. Yan, Tetrahedron 2015,
71, 1425-1430.

J. Hu, J. Wang, T. H. Nguyen, N. Zheng, Beilstein J. Org. Chem. 2013, 9,
1977-2001.

Although 12 supposedly bears one chloride anion and one acetonitrile
ligand, how many of them coordinate to the copper centre in 10 is not
entirely clear.

a) Y. Wang, J. L. DuBois, B. Hedman, K. O. Hodgson, T. D. P. Stack, Science
1998, 279, 537-540; b) P. Chaudhuri, M. Hess, T. Weyhermidiller, K. Wie-
ghardt, Angew. Chem. Int. Ed. 1999, 38, 1095-1098; Angew. Chem.
1999, 171, 1165-1168; c) J. . Vlugt, F. Meyer, in Organometallic Oxida-
tion Catalysis (Eds.: F. Meyer, C. Limberg), Springer, Berlin, 2007,
pp. 191-240; d) S. Itoh, Acc. Chem. Res. 2015, 48, 2066 -2074.

S. Ranjit, R. Lee, D. Heryadi, C. Shen, J. E. Wu, P. Zhang, K-W. Huang, X.
Liu, J. Org. Chem. 2011, 76, 8999 -9007.

R. L. Peterson, R. A. Himes, H. Kotani, T. Suenobu, L. Tian, M. A. Siegler,
E.l. Solomon, S. Fukuzumi, K. D. Karlin, J. Am. Chem. Soc. 2011, 133,
1702-1705.

J. Roithova, D. Schroder, Chem. Eur. J. 2008, 14, 2180-2188.

Manuscript received: October 10, 2016
Accepted Article published: November 23, 2016
Final Article published: January 30, 2017

www.chemeurj.org

3061

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/S0020-1693(03)00254-8
http://dx.doi.org/10.1016/S0020-1693(03)00254-8
http://dx.doi.org/10.1016/S0020-1693(03)00254-8
http://dx.doi.org/10.1016/S0020-1693(03)00254-8
http://dx.doi.org/10.1016/0040-4039(94)80028-6
http://dx.doi.org/10.1016/0040-4039(94)80028-6
http://dx.doi.org/10.1016/0040-4039(94)80028-6
http://dx.doi.org/10.1021/ja061146m
http://dx.doi.org/10.1021/ja061146m
http://dx.doi.org/10.1021/ja061146m
http://dx.doi.org/10.1021/ja061146m
http://dx.doi.org/10.1021/ja909145y
http://dx.doi.org/10.1021/ja909145y
http://dx.doi.org/10.1021/ja909145y
http://dx.doi.org/10.1021/acs.inorgchem.5b00321
http://dx.doi.org/10.1021/acs.inorgchem.5b00321
http://dx.doi.org/10.1021/acs.inorgchem.5b00321
http://dx.doi.org/10.1002/chem.201402060
http://dx.doi.org/10.1002/chem.201402060
http://dx.doi.org/10.1002/chem.201402060
http://dx.doi.org/10.1002/chem.201402060
http://dx.doi.org/10.1002/jps.2600650129
http://dx.doi.org/10.1002/jps.2600650129
http://dx.doi.org/10.1002/jps.2600650129
http://dx.doi.org/10.1021/ol5025597
http://dx.doi.org/10.1021/ol5025597
http://dx.doi.org/10.1021/ol5025597
http://dx.doi.org/10.1021/ol5025597
http://dx.doi.org/10.1016/j.tetlet.2013.11.051
http://dx.doi.org/10.1016/j.tetlet.2013.11.051
http://dx.doi.org/10.1016/j.tetlet.2013.11.051
http://dx.doi.org/10.1016/S0020-1693(00)91063-6
http://dx.doi.org/10.1016/S0020-1693(00)91063-6
http://dx.doi.org/10.1016/S0020-1693(00)91063-6
http://dx.doi.org/10.1021/ed080p1048
http://dx.doi.org/10.1021/ed080p1048
http://dx.doi.org/10.1021/ed080p1048
http://dx.doi.org/10.1002/anie.201002944
http://dx.doi.org/10.1002/anie.201002944
http://dx.doi.org/10.1002/anie.201002944
http://dx.doi.org/10.1002/anie.201002944
http://dx.doi.org/10.1002/ange.201002944
http://dx.doi.org/10.1002/ange.201002944
http://dx.doi.org/10.1002/ange.201002944
http://dx.doi.org/10.1002/chem.201204194
http://dx.doi.org/10.1002/chem.201204194
http://dx.doi.org/10.1002/chem.201204194
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/ange.201107334
http://dx.doi.org/10.1002/ange.201107334
http://dx.doi.org/10.1002/ange.201107334
http://dx.doi.org/10.1016/j.tet.2015.01.015
http://dx.doi.org/10.1016/j.tet.2015.01.015
http://dx.doi.org/10.1016/j.tet.2015.01.015
http://dx.doi.org/10.1016/j.tet.2015.01.015
http://dx.doi.org/10.3762/bjoc.9.234
http://dx.doi.org/10.3762/bjoc.9.234
http://dx.doi.org/10.3762/bjoc.9.234
http://dx.doi.org/10.3762/bjoc.9.234
http://dx.doi.org/10.1126/science.279.5350.537
http://dx.doi.org/10.1126/science.279.5350.537
http://dx.doi.org/10.1126/science.279.5350.537
http://dx.doi.org/10.1126/science.279.5350.537
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1095::AID-ANIE1095%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1095::AID-ANIE1095%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3773(19990419)38:8%3C1095::AID-ANIE1095%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1165::AID-ANGE1165%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1165::AID-ANGE1165%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1165::AID-ANGE1165%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3757(19990419)111:8%3C1165::AID-ANGE1165%3E3.0.CO;2-X
http://dx.doi.org/10.1021/acs.accounts.5b00140
http://dx.doi.org/10.1021/acs.accounts.5b00140
http://dx.doi.org/10.1021/acs.accounts.5b00140
http://dx.doi.org/10.1021/jo2017444
http://dx.doi.org/10.1021/jo2017444
http://dx.doi.org/10.1021/jo2017444
http://dx.doi.org/10.1021/ja110466q
http://dx.doi.org/10.1021/ja110466q
http://dx.doi.org/10.1021/ja110466q
http://dx.doi.org/10.1021/ja110466q
http://dx.doi.org/10.1002/chem.200701277
http://dx.doi.org/10.1002/chem.200701277
http://dx.doi.org/10.1002/chem.200701277
http://www.chemeurj.org

