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On the Importance of an Acid Additive in the Synthesis of Pyrido ACHTUNGTRENNUNG[1,2-
a]benzimidazoles by Direct Copper-Catalyzed Amination
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Benjamin Van der Veken,[b] and Bert U. W. Maes*[a]

Pyrido ACHTUNGTRENNUNG[1,2-a]benzimidazoles[1,2a] are interesting com-
pounds both from the viewpoint of medicinal chemistry[2–7]

(solubility,[7] DNA intercalation[3]) and materials chemistry[8]

(fluorescence). Of note among the former is the antibiotic
drug Rifaximin,[5] which contains this heteroaromatic core.
The classical synthetic approach for the assembly of pyrido-ACHTUNGTRENNUNG[1,2-a]benzimidazoles is by [3+3] cyclocondensation of ben-
zimidazoles containing a methylene group at C2 with appro-
priate bielectrophiles.[2a] However, these procedures are
often low-yielding, involve indirect/lengthy sequences, and/
or provide access to a limited range of products, primarily
providing derivatives with substituents located on the pyri-
dine ring (A ring, Scheme 1).[2–4] Theoretically, a good alter-

native synthetic method for the synthesis of pyrido ACHTUNGTRENNUNG[1,2-
a]benzimidazoles with substituents in the benzene ring (C
ring) should be accessible by intramolecular transition-
metal-catalyzed C�N bond formation in N-(2-chloroaryl)-
pyridin-2-amines, based on chemistry recently developed in
our research group.[9] These substrates themselves are easily
available through SNAr or selective Pd-catalyzed amina-
tion[10] of 2-chloropyridine with 2-chloroanilines.[11] If a syn-

thetic procedure that eliminated the need for preactivation
of the 2-position of the 2-chloroarylamino entity could be
developed, this would be even more powerful, as anilines
are more readily commercially available than 2-chloroani-
lines. Therefore the synthesis of pyridoACHTUNGTRENNUNG[1,2-a]benzimidazoles
(4) by a transition-metal-catalyzed intramolecular C�H ami-
nation approach from N-arylpyridin-2-amines (3) was ex-
plored (Scheme 1).

Reports on C�N bond formation,[12a] in comparison with
C�C bond formation,[12b–p] by transition-metal-catalyzed C�
H functionalization are still relatively rare despite the unde-
niably important role of C�N bond formation in organic
synthesis. In comparison with existing methodology, direct
transition-metal-catalyzed C�H amination has an advantage
over nitrene C�H insertion, since the latter requires preacti-
vation of amine.[12a,13]

There are hitherto two approaches used to attain C�N
bond formation by direct C�H bond functionalization.[14]

The difference lies in the C�N bond-forming step from the
M+n intermediate, which can either be achieved by using an
oxidant that delivers a C�M+ (n+2)�N species allowing C�N
bond formation by reductive elimination to reform M+n, or
alternatively, the M+ n intermediate can directly undergo re-
ductive elimination forming M0, and an oxidant is required
to bring the transition metal back to the M+n oxidation
state. The majority of the examples published involve the
use of a PdII catalyst in combination with CuII ACHTUNGTRENNUNG(OAc)2 as re-
oxidant of Pd0, in either an equimolar amount or catalytic
amount when used in combination with O2. Only two proce-
dures are based on CuII catalysis, one in the presence and
one in the absence of acetic acid.[14g, i] We decided to focus
on CuII catalysis to achieve ring closure of N-arylpyridin-2-
amine (3) as only one transition metal is required and O2

can be used for the reoxidation. The use of O2 is beneficial
as it is the greenest oxidant available to chemists, and an ox-
idation of an M+n intermediate would require stronger and
less sustainable oxidants.

N-Phenylpyridin-2-amine (3 a) was chosen as the test sub-
strate for this transformation, using CuII ACHTUNGTRENNUNG(OAc)2·H2O in
DMSO in the presence of O2 at 100 8C to achieve the cycli-
zation (Table 1). A conversion of 43 % was achieved
(Table 1, entry 1). The addition of acid proved beneficial as
one equivalent of acetic acid gave a higher consumption of
substrate (53%, Table 1, entry 3). When a catalytic amount
of acid (15 mol %) was used, a similar conversion was ob-
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Scheme 1. CuII-catalyzed intramolecular C�H amination.
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served as with one equivalent (Table 1, entry 2). At higher
temperature (120 8C) a better conversion was achieved
(Table 1, entries 4 and 5). Because the addition of 15 mol %
acid was optimal, we decided to perform further optimiza-
tions with a catalytic amount of acid. Interestingly, anhy-
drous CuII ACHTUNGTRENNUNG(OAc)2 proved less effective than the monohy-
drate (Table 1, entry 6), and the reaction proved not to be
sensitive to the presence of 1 % v/v water (Table 1, entry 7),
but a higher amount was detrimental (Table 1, entry 8). The
use of dimethoxyethane, dioxane, acetonitrile, 1-propanol,
or toluene as solvent failed to effect the cyclization. Only
solvents in which a S=O or C=O moiety was present al-
lowed the reaction (DMSO, sulfolane, NMP, DMA, and
DMF).[15] Among these DMSO and DMF gave the highest
conversions, and the former was arbitrarily chosen for fur-
ther studies.[15] Interestingly, the use of base instead of acid
(acetate and carbonate) had an inhibitory effect on the con-
version (Table 1, entries 9 and 10), and bidentate amine li-
gands[16] completely shut the reaction down. CuII catalysts
with carboxylate counterions performed well (Table 1, en-
tries 5 and 11), whilst those with a sulfonate or sulfate group

(Table 1, entries 12 and 13) promoted the reaction to a sig-
nificantly lesser extent. Other copper salts (Table 1, en-
tries 14 and 15) failed to effect the conversion.

Subsequently, the influence of the structure of the acid
additive was investigated (Table 1).[17] Other carboxylic acids
such as butyric, pivalic, and benzoic acid gave essentially the
same conversion of 3 a to 4 a after a reaction time of 18 h
(Table 1, entries 16–18). Stronger acids such as trifluoroace-
tic acid can also be used but only in a catalytic amount
(Table 1, entries 19 and 20). Also non-carboxylic acid con-
taining acids are allowed (Table 1, entries 21 and 22), but
again when the acid is strong the use of a stoichiometric
amount is detrimental (Table 1, entry 23). As the conversion
data in Table 1 do not take into account side reactions of
the substrate 3 a, we looked at isolated yields in the pres-
ence of acetic acid and several substituted benzoic acids pos-
sessing different pKa values.

Interestingly, a significant difference in the isolated yields
and amount of recovered substrate was found for the stud-
ied acids (acetic acid: 60 % 4 a, 10 % 3 a ; 4-methoxybenzoic
acid (pKa: 4.47): 52 % 4 a, 30 % 3 a ; benzoic acid (pKa : 4.17):
75 % 4 a, 16 % 3 a ; 3,4,5-trifluorobenzoic acid (TFBA) (pKa :
3.46): 92 % 4 a, no 3 a).[18] These results indicate that the se-
lectivity of the reaction is dependent on the type of acid ad-
ditive used. In the case of acetic acid and 4-methoxybenzoic
acid, the missing mass balance is 22 % and 10 %, respective-
ly, in comparison with the experiment involving 3,4,5-tri-
fluorobenzoic acid (Table 2, entry 2). 3,4,5-Trifluorobenzoic
acid is clearly a superior additive, additionally providing a
faster reaction and full conversion of 3 a. In the case of less
acidic additives (acetic, 4-methoxybenzoic, and benzoic
acid), starting material was recovered. A similar selectivity
trend was observed for N-(4-fluorophenyl)pyridin-2-amine
(3 b) with the yield of the desired compound increased with
decreasing pKa value (4-methoxybenzoic acid: 38 % 4 b ;
benzoic acid: 68 % 4 b ; 3,4,5-trifluorobenzoic acid: 75 %
4 b). In this case, however, no starting material remained.
Ultra performance liquid chromatography (UPLC) analysis
of the crude reaction mixtures showed various amounts of
substrate dimers depending on the acid used. We therefore
currently believe that the pKa related selectivity of the acid
can be rationalized by the control of competing intra- and
intermolecular C�N bond formation. This will be studied in
future research.

The results obtained for substrates 3 a and 3 b clearly indi-
cated that the use of a catalytic amount of 3,4,5-trifluoro-
benzoic acid is superior and therefore the scope was as-
sessed for these optimized reaction conditions [CuII-ACHTUNGTRENNUNG(OAc)2

.H2O (15 mol %), 3,4,5-trifluorobenzoic acid
(15 mol%), DMSO, 120 8C] for a set of substituted N-phe-
nylpyridin-2-amines (Table 2). Both electron-donating
(OMe, entry 8) and electron-withdrawing groups (Cl,
entry 11; COOEt, entry 12; CF3, entry 16) in the para posi-
tion of the benzene ring were tolerated, although the ethox-
ycarbonyl and trifluoromethyl group required a 20 % load-
ing of catalyst (Table 2, entries 13 and 17). With 15 mol %
CuII ACHTUNGTRENNUNG(OAc)2 at least 15 % of substrate 3 could be recovered.

Table 1. Optimization of the intramolecular C�H amination of N-phenyl-
pyridin-2-amine (3a).

Entry Solvent Catalyst Additive mol % T
[8C]

Conv.
[%][a,b]

1 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O – – 100 43
2 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O AcOH 15 100 47
3 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O AcOH 100 100 53
4 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O – – 120 82
5 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O AcOH 15 120 92
6 DMSO CuACHTUNGTRENNUNG(OAc)2 AcOH 15 120 65
7 DMSO/1 %

H2O v/v
CuACHTUNGTRENNUNG(OAc)2·H2O AcOH 15 120 90

8 DMSO/10 %
H2O v/v

CuACHTUNGTRENNUNG(OAc)2·H2O AcOH 15 120 19

9 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O KOAc 100 120 17
10 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O Cs2CO3 100 120 0
11 DMSO CuACHTUNGTRENNUNG(O2CCF3)2 AcOH 15 120 84
12 DMSO CuACHTUNGTRENNUNG(OTf)2 AcOH 15 120 28
13 DMSO CuSO4 AcOH 15 120 29
14 DMSO CuCl2 AcOH 15 120 5
15 DMSO Cu(OH)2 AcOH 15 120 0
16 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O PrCO2H 15 120 91
17 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O PivOH 15 120 92
18 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O BzOH 15 120 90
19 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O TFA 15 120 95
20 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O TFA 100 120 17
21 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O NH4Cl 15 120 92
22 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O HCl 15 120 89
23 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O HCl 100 120 2
24 DMSO CuACHTUNGTRENNUNG(OAc)2·H2O TFBA 15 120 15[c,d,e]

[a] Reactions were performed under an atmosphere of O2 (ca. 1 atm) at a
concentration of 0.5 m in standard (undried) DMSO, unless otherwise in-
dicated with 15 mol % CuII salt. [b] Conversion of 3a to 4 a determined
by HPLC after 18 h. [c] Under an Ar atmosphere, after 24 h. [d] Con-
firmed by 1H NMR spectroscopy of the crude reaction mixture. [e] With
AcOH (15 mol %) in either DMSO or DMF under an Ar atmosphere,
similar results were obtained.
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All substituents in meta or ortho positions (Table 2, en-
tries 5, 7, and 15), except the methoxy group (Table 2, en-
tries 9 and 10), also required this higher loading. The meta-
substituted substrates proved interesting, as in all cases a
high regioselectivity for the 7- over the 9-substituted pyrido-ACHTUNGTRENNUNG[1,2-a]benzimidazole was achieved (Table 2, entries 5, 9, and
15).

Having developed a satisfactory entry to 6-, 7-, and 8-sub-
stituted pyrido ACHTUNGTRENNUNG[1,2-a]benzimidazoles, we envisioned being
able to access the minor component from the cyclization of
meta-substituted substrates (3) by blocking one C�H func-
tionalization position with a chloro substituent, which could
later be removed by hydrodechlorination (Scheme 2). N-(2-
Chloro-5-methoxyphenyl)pyridin-2-amine (5 a) was chosen
as the model substrate. A C�Cl amination pathway was
found to be competitive under the intramolecular C�H ami-
nation reaction conditions (entry 1, Scheme 2). Such cycliza-
tions mediated by copper have been reported, however
these are always promoted by basic rather than acidic condi-
tions.[19–20]

With the simplified 2-chloro substrate 5 b (entry 2,
Scheme 2) a similar behavior was observed. A substrate
with a C�Cl moiety located remotely from the site of the
CuII coordination, as in substrate 3 h, was not effected by
the C�H amination reaction conditions (Table 2, entry 11).
The intramolecular C2�Cl activation is therefore directed,
requiring less energy than an intermolecular process. This
rationalizes why a deactivated C�Cl can react so easily with-
out requiring electron-rich ligands. A change of conditions
from catalytic acid to stoichiometric base promoted the C2�

Cl substitution process exclusively, and only traces
of product due to the C�H amination pathway
were detectable. Cs2CO3 proved more effective
than CsOAc, and the use of a CuII-stabilizing ligand
(trans-1,2-diaminocyclohexane (DACH))[21] provid-
ed a means by which the catalyst loading could be
reduced to 5 %.[15] Application of these optimal
conditions to 2,6-dichloro substrate 5 c gave 6-
chloropyridoACHTUNGTRENNUNG[1,2-a]benzimidazole (4 m), in good
yield (entry 3, Scheme 2), and without observable
hydrodechlorination of 5 c and 4 m. The latter con-
ditions also provided the 9-fluoro derivative 4 c’
from 5 d (entry 4, Scheme 2) in 83 % isolated yield.
This compound could only be obtained as a minor
compound by the direct amination of 3 c (Table 2,
entry 5). The C�Cl and the C�H functionalization
process are thus complementary, in conjunction
providing selective access to 6-, 7-, 8-, and 9-substi-
tuted benzo ACHTUNGTRENNUNG[1,2-a]imidazoles.

We next sought to apply our methodology to the
synthesis of the benzimidazoACHTUNGTRENNUNG[1,2-a]quinoline core 7
(Scheme 3), which has antitumor properties. N-Phe-
nylquinoline-2-amine (6) was accessed in 99 % iso-
lated yield by heating 2-chloroquinoline neat with
1.5 equivalents of aniline. The C�H amination of 6
was performed by using the optimized reaction con-

Table 2. Intramolecular C�H amination of N-arylpyridin-2-amines (3).

Entry Catalyst
and acid
loading

Acid R Product R Yield [%][a,b]

1 15 AcOH H 4a H 60
2 15 TFBA H 4a H 92
3 15 TFBA 4-F 4b 8-F 75
4 15 TFBA 3-F 4c + 4c’ 7- + 9-F 58[d]

5 20 TFBA 3-F 4c + 4c’ 7- + 9-F 79 (12:1)[c,e]

6 15 TFBA 2-F 4d 6-F 62[d]

7 20 TFBA 2-F 4d 6-F 98
8 15 TFBA 4-OMe 4e 8-OMe 60
9 15 TFBA 3-OMe 4 f + 4 f’ 7- + 9-OMe 70 (13:1)[c,e]

10 15 TFBA 2-OMe 4g 6-OMe 59
11 15 TFBA 4-Cl 4h 8-Cl 78
12 15 TFBA 4-CO2Et 4 i 8-CO2Et 46[d]

13 20 TFBA 4-CO2Et 4 i 8-CO2Et 57
14 15 TFBA 3-CO2Et 4j + 4j’ 7- + 9-CO2Et 31[d]

15 20 TFBA 3-CO2Et 4j + 4j’ 7- + 9-CO2Et 55 (26:1)[c]

16 15 TFBA 4-CF3 4k 8-CF3 71[d]

17 20 TFBA 4-CF3 4k 8-CF3 80

[a] Yields refer to isolated products with a purity of >95 % by 1H NMR analysis.
[b] CuACHTUNGTRENNUNG(OAc)2

.H2O (n mol %), acid (n mol %), DMSO, O2, 24 h. [c] Regioisomer ratio
(7:9). [d] At least 15% substrate could be recovered. [e] The regioisomers were ob-
tained as separate compounds.

Scheme 2. Cyclization of N-(2-chloroaryl)pyridin-2-amines (5). [a] Incom-
plete conversion.

Scheme 3. Synthesis of anti-cancer core 7.
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ditions, smoothly delivering 7[22,3a] in 80 % yield. This cycli-
zation is notable as it takes place at an o,o-disubstituted ni-
trogen.

To gain an insight into the mechanism, both intra- and in-
termolecular kinetic isotope effects (KIEs) were determined
(Scheme 4). The intramolecular KIE, determined through

competitive H/D cyclization from 2,4-dideutero-N-phenyl-
pyridin-2-amine (8 a), was 3.5, showing that the C�H bond
rupture is a kinetically relevant process.[23] The intermolecu-
lar KIE was determined to be 3.1 through comparison of a
reaction of substrate 3 a and the 2,3,4,5,6-pentadeuterated
analogue 8 b, revealing that the C�H bond breakage is in-
volved in the rate-determining step of the catalytic cycle.[24]

A possible rationalization of the mechanism is presented
in Scheme 5. Coordination of (RCO2)2CuII with substrate 3
(A), followed by intramolecular nucleophilic attack of the
amidine on the activated arene (h2 p complex) delivers the
s-alkyl CuII species B.[25] Subsequent b-hydride elimination
gives 4 and RCO2CuIIH.[26] Reductive elimination of
RCO2H from RCO2CuIIH yields Cu0, which can be reoxi-
dized to (RCO2)2CuII with O2 and RCO2H.[27] This mecha-
nism proceeding via a CuII/Cu0 catalytic cycle is in agree-
ment with the 1:1 CuII/product stoichiometry obtained when

the reaction is executed under oxygen-free conditions
(Table 1, entry 24). This excludes a mechanism via dispro-
portionation of two CuII complexes, yielding a CuI and CuIII

species of which only one will act as the catalyst. Occur-
rence of a disproportionation process therefore would deliv-
er a conversion to product of a maximum of half the copper
loading, which is clearly not in accordance with our experi-
mental finding. The observation that reaction product can
be formed under an oxygen-free atmosphere shows that
oxygen acts as the final electron acceptor (a two electron
oxidant) and regenerates the CuII species.[28] A syn b-hydride
elimination as �H�-removal process is consistent with the ki-
netic isotope effect experimentally observed (Scheme 4).[29]

A concerted metallation–deprotonation /CMD) mechanism
is unlikely as substrate 3 c containing a meta fluoro substitu-
ent preferentially cyclizes in C6 of the aniline moiety.
Taking into account that a fluorine atom is small, a CMD
mechanism would be consistent with a preferential C2 direct
functionalization process.[23] A C�H activation process via B
is in agreement with the higher kobsd value measured for sub-
strate 3 b (0.37) versus 3 a (0.19),[30a] since DFT calculations
performed on the respective intermediates B clearly point
to a lower activation energy for R1 = 4-F (75.6 kJ mol�1) than
for R1 = H (87.0 kJ mol�1).[15, 30] The observation that more
acidic benzoic acids give faster reactions can be rationalized
by taking into account that these give more electrophilic
(RCO2)2CuII species, and consequently a higher concentra-
tion of B, which is involved in the rate-limiting step of the
reaction.

While this work was nearing completion Zhu and Zhang
reported another catalytic system for the direct intramolecu-
lar C�H amination of N-arylpyridin-2-amines.[31] They
showed the use of a combination of a CuACHTUNGTRENNUNG(OAc)2 and Fe-ACHTUNGTRENNUNG(NO3)3

.9 H2O catalyst to be essential to achieve high yields
of the target compounds. The unique role of the FeIII is be-
lieved to lie in its ability to form an electrophilic CuIII spe-
cies, beneficial for the SEAr mechanism. The catalytic
system we disclose here results from a fundamental study of
the role of the acid additive on the reaction (rate and selec-
tivity). By using a catalytic amount of 3,4,5-trifluorobenzoic
acid, high yields of target compound can be achieved with-
out the requirement of co-catalytic FeACHTUNGTRENNUNG(NO3)3

.9 H2O. In con-
trast to the CuII/FeIII system, our methodology allows
smooth cyclization of electron-deficient substrates, as exem-
plified by a fluoro group in the ortho (3 d) and meta (3 c) po-
sition of the phenyl ring. Substrates with a sterically hin-
dered pyridine nitrogen atom, as in N-phenylquinoline-2-
amine (6), were also viable substrates using 3,4,5-trifluoro-
benzoic acid additive. The Zhu and Zhang procedure re-
quired a stoichiometric amount of CuACHTUNGTRENNUNG(OAc)2 to achieve sim-
ilar yields for products common to both studies, namely 3 c,
3 d, and 6. Moreover, for substrates 3 c and 6 a reaction time
of more than 65 h was necessary. For other substrates our
method requires generally a lower loading of copper catalyst
and shorter reaction times to achieve similar yields.

In summary, we have developed new and efficient syn-
thetic protocols for pyrido ACHTUNGTRENNUNG[1,2-a]benzimidazoles based on

Scheme 4. Determination of intra- and intermolecular KIE.

Scheme 5. Proposed mechanism for the intramolecular C�H amination of
3.
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C�H and C�Cl functionalization. Together, the two methods
represent a �synthetic kit� for expedient access to 6-, 7-, 8-,
and 9-substituted pyrido ACHTUNGTRENNUNG[1,2-a]benzimidazoles in good to ex-
cellent yields. In the C�H amination reaction an unprece-
dented influence of the type of acid on the catalysis has
been identified.

Experimental Section

General procedure for the C�H amination (conditions a, b, and c): Sub-
strate 3 (0.50 mmol), Cu ACHTUNGTRENNUNG(OAc)2·H2O (conditions a and b: 0.075 mmol,
15 mol %; conditions c: 0.1 mmol, 20 mol %), additive (conditions a:
acetic acid, 0.075 mmol; conditions b: 3,4,5-trifluorobenzoic acid (3,4,5-
TFBA), 0.075 mmol; conditions c: 3,4,5-TFBA, 0.1 mmol), and solvent
(DMSO, 1.00 mL) were added to a 10 mL microwave vial. The resulting
reaction mixture was stirred under a flow of oxygen for 5 min prior to
sealing under oxygen with a pressure cap, then supplied with additional
oxygen by a balloon and being heated by a temperature-calibrated alumi-
num hotplate[15] at 120 8C. Depending on the reaction, samples were
taken at the designated times by using a syringe/needle (HPLC/UPLC
conversions), or the reaction was run to the stated time and worked up
with isolation of reaction product(s) 4 (and recovered substrate 3).
Workup: The vial was unsealed and the reaction mixture taken up in
CH2Cl2 (50 mL per mmol 3), then washed with concentrated
NH4OH(aq)/saturated brine (3:2, 50 mL per mmol 3). The wash was re-
peated, then the organic phase was dried over MgSO4 and the volatiles
removed under reduced pressure. The resulting residue was purified by
column chromatography on silica gel by eluting with CH2Cl2, then gradi-
ent CH2Cl2/ammonia in MeOH (7 m) (199:1, 124:1, 99:1, 66:1, 49:1) to
deliver the isolated product (and remaining substrate, if applicable).

Acknowledgements

This work was financially supported by the University of Antwerp
(BOF), the Fund for Scientific Research-Flanders (FWO-Flanders), the
Institute for the promotion of Innovation by Science and Technology in
Flanders (IWT-Flanders) (PhD scholarship for T.R.M. Rauws), and the
Hercules Foundation.

Keywords: catalysis · C�H activation · C�H amination · C�
H functionalization · copper

[1] G. Tennant, The Chemistry of Heterocyclic Compounds, Vol. 40
(Eds.: A. Weissberger, E. C. Taylor), Wiley-Interscience, New York,
1980, pp. 257 –461.

[2] For routes to specifically substituted pyrido ACHTUNGTRENNUNG[1,2-a]benzimidazoles,
see: a) S. V. Ryabukhin, A. S. Plaskon, D. M. Volochnyuk, A. A. Tol-
machev, Synthesis 2007, 3155 – 3162; b) C. G. Yan, Q. F. Wang, X. K.
Song, J. Sun, J. Org. Chem. 2009, 74, 710 –718; c) K. Panda, J. R.
Suresh, H. Ila, H. Junjappa, J. Org. Chem. 2003, 68, 3498 –3506.

[3] Anticancer: a) M. Sedic, M. Poznic, P. Gehrig, M. Scott, R. Schlap-
bach, M. Hranjec, G. Karminski-Zamola, K. Pavelic, S. Kraljevic,
Mol. Canc. Therap. 2008, 7, 2121 –2132; b) S. A. M. El-Hawash, E.-
S. A. M. Badawey, T. Kappe, Pharmazie 1999, 54, 341 – 345; c) M.
Dupuy, F. Pinguet, O. Chavignon, J.-M. Chezal, J.-C. Chapat, Y.
Blache, Chem. Pharm. Bull. 2001, 49, 1061 –1065.

[4] As Ca2+ releasers in skeletal muscle: Y. Takahashi, K.-I. Furakawa,
M. Ishibashi, D. Kozutsumi, H. Ishiyama, J. Kobayashi, Y. Ohizumi,
Eur. J. Pharmacol. , Mol. Pharmacol. Sect. 1995, 288, 285 –293.

[5] Rifaximin, containing the pyrido ACHTUNGTRENNUNG[1,2-a]benzimidazole core, is a
unique gastrointestinal-selective antibiotic for enteric diseases: H. L.
Koo, H. L. Dupont, Curr. Opin. Gastroenterol. 2010, 26, 17–25.

[6] Alteration of the lifespan of eukaryotic organisms: D. F. Goldfarb
(University of Rochester, Rochester), US 2009163545, 2009.

[7] Solubility: 94 mg of 4 a dissolves in 100 mL of distilled H2O at 20 8C;
592 mg at 100 8C.

[8] Fluorescence: a) E. N. Smirnova, T. V. Onschenskaya, V. P. Zvolin-
skii, D. L. N�nde, Fiz. Khim. Poverkhn. 1988, 65– 72; b) J.-S. Bae,
D.-W. Lee, D.-H. Lee, D.-S. Jeong (LG Chem. Ltd, Seoul),
WO2007011163A1, 2007. Fluorescent dyes: c) R. Erckel, D. G�nth-
er, H. Fr�hbeis (Hoechst AG., Frankfurt), DE2640760A1, 1978 ;
[Chem. Abstr. 1978, 89, 7595]. Dyes: d) E. Schefzcik (BASF AG.,
Ludwigshafen), DE2701659A1, 1978 ; e) J. Denhert, G. Lamm
(BASF AG., Ludwigshafen), DE2022817, 1972.

[9] a) K. T. J. Loones, B. U. W. Maes, R. A. Dommisse, G. L. F. Lemi�re,
Chem. Commun. 2004, 2466 – 2467; b) K. T. J. Loones, B. U. W.
Maes, C. Meyers, J. Deruytter, J. Org. Chem. 2006, 71, 260 – 264;
c) K. T. J. Loones, B. U. W. Maes, W. A. Herrebout, R. A. Dom-
misse, R. A. , G. L. F. Lemi�re, B. J. Van der Veken, Tetrahedron
2007, 63, 3818 –3825; d) K. T. J. Loones, B. U. W. Maes, R. A. Dom-
misse, Tetrahedron 2007, 63, 8954 –8961; e) T. R. M. Rauws, C. Bian-
calani, J. W. De Schutter, B. U. W. Maes, Tetrahedron 2010, 66,
6958 – 6964.

[10] a) A. S. Guram, R. A. Rennels, S. L. Buchwald, Angew. Chem. 1995,
107, 1456 –1459; Angew. Chem. Int. Ed. Engl. 1995, 34, 1348 –1350;
b) J. Louie, J. F. Hartwig, Tetrahedron Lett. 1995, 36, 3609 –3612.

[11] For examples dealing with Pd-catalyzed amination on 2-chloropyri-
dines, see: a) T. H. M. Jonckers, B. U. W. Maes, G. L. F. Lemi�re, R.
Dommisse, Tetrahedron 2001, 57, 7027 – 7034; b) K. W. Anderson,
R. E. Tundel, T. Ikawa, R. A. Altman, S. L. Buchwald, Angew.
Chem. 2006, 118, 6673 –6677; Angew. Chem. Int. Ed. 2006, 45, 6523 –
6527; c) S. Hostyn, G. Van Baelen, G. L. F. Lemi�re, B. U. W. Maes,
Adv. Synth. Catal. 2008, 350, 2653 –2660; d) Q. Shen, T. Ogata, J. F.
Hartwig, J. Am. Chem. Soc. 2008, 130, 6586 –65956.

[12] For selected reviews dealing with C�H functionalization, see: a) F.
Collet, R. H. Dodd, P. Dauban, Chem. Commun. 2009, 5061 –5074;
b) O. Daugulis, H.-Q. Do, D. Shabashov, Acc. Chem. Res. 2009, 42,
1074 – 1086; c) X. Chen, K. M. Engle, D.-H. Wang, J. Q. Yu, Angew.
Chem. 2009, 121, 5196 –5217; Angew. Chem. Int. Ed. 2009, 48, 5094 –
5115; d) P. Thansandote, M. Lautens, Chem. Eur. J. 2009, 15, 5874 –
5883; e) L. Ackermann, R. Vicente, A. R. Kapdi, Angew. Chem.
2009, 121, 9976 –10 011; Angew. Chem. Int. Ed. 2009, 48, 9792 –9826;
f) J. C. Lewis, R. E. Bergman, J. A. Ellman, Acc. Chem. Res. 2008,
41, 1013 –1025; g) B.-J. Li, S.-D. Yang, Z.-J. Shi, Synlett 2008, 949 –
957; h) Y. J. Park, J.-W. Park, C.-H. Jun, Acc. Chem. Res. 2008, 41,
222 – 234; i) L.-C. Campeau, D. R. Stuart, K. Fagnou, Aldrichimica
Acta 2007, 40, 35 –41; j) D. Alberico, M. E. Scott, M. Lautens,
Chem. Rev. 2007, 107, 174 –238; k) L. Ackermann, Top. Organomet.
Chem. 2007, 24, 35– 60; l) K. R. Campos, Chem. Soc. Rev. 2007, 36,
1069 – 1084; m) I. Seregin, V. Gevorgyan, Chem. Soc. Rev. 2007, 36,
1173 – 1193; n) L. C. Campeau, K. Fagnou, Chem. Commun. 2006,
1253 – 1264; o) K. Godula, D. Sames, Science 2006, 312, 67– 72;
p) A. R. Dick, M. S. Sanford, Tetrahedron 2006, 62, 2439 – 2463.

[13] For a review of C�H functionalization by metal nitrenoid insertion,
see: a) H. M. L. Davies, J. R. Manning, Nature 2008, 451, 417 – 424.
For an example involving nitrogen activation via oxidative addition,
see: b) Y. Tan, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 3676 –
3677.

[14] a) J. A. Jordan-Hore, C. C. C. Johansson, M. Gulias, E. M. Beck,
M. J. Gaunt, J. Am. Chem. Soc. 2008, 130, 16184 –16186; b) M.
Wasa, J. Q. Yu, J. Am. Chem. Soc. 2008, 130, 14058 –14059; c) T.-S.
Mei, X. Wang, J.-Q. Yu, J. Am. Chem. Soc. 2009, 131, 10806 –10807;
d) W. C. P. Tsang, N. Zheng, S. L. Buchwald, J. Am. Chem. Soc.
2005, 127, 14560 – 14561; e) W. C. P. Tsang, R. H. Munday, G. Bra-
sche, N. Zheng, S. L. Buchwald, J. Org. Chem. 2008, 73, 7603 – 7610;
f) K. Orito, A. Horibata, T. Nakamura, H. Ushito, H. Nagasaki, M.
Yuguchi, S. Yamashita, M. Tokuda, J. Am. Chem. Soc. 2004, 126,
14342 – 14343; g) G. Brasche, S. L. Buchwald, Angew. Chem. 2008,

Chem. Eur. J. 2011, 17, 6315 – 6320 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6319

COMMUNICATIONPyrido ACHTUNGTRENNUNG[1,2-a]benzimidazoles

http://dx.doi.org/10.1021/jo802166t
http://dx.doi.org/10.1021/jo802166t
http://dx.doi.org/10.1021/jo802166t
http://dx.doi.org/10.1021/jo026786w
http://dx.doi.org/10.1021/jo026786w
http://dx.doi.org/10.1021/jo026786w
http://dx.doi.org/10.1158/1535-7163.MCT-07-2261
http://dx.doi.org/10.1158/1535-7163.MCT-07-2261
http://dx.doi.org/10.1158/1535-7163.MCT-07-2261
http://dx.doi.org/10.1248/cpb.49.1061
http://dx.doi.org/10.1248/cpb.49.1061
http://dx.doi.org/10.1248/cpb.49.1061
http://dx.doi.org/10.1097/MOG.0b013e328333dc8d
http://dx.doi.org/10.1097/MOG.0b013e328333dc8d
http://dx.doi.org/10.1097/MOG.0b013e328333dc8d
http://dx.doi.org/10.1039/b409161b
http://dx.doi.org/10.1039/b409161b
http://dx.doi.org/10.1039/b409161b
http://dx.doi.org/10.1021/jo052091u
http://dx.doi.org/10.1021/jo052091u
http://dx.doi.org/10.1021/jo052091u
http://dx.doi.org/10.1016/j.tet.2007.02.041
http://dx.doi.org/10.1016/j.tet.2007.02.041
http://dx.doi.org/10.1016/j.tet.2007.02.041
http://dx.doi.org/10.1016/j.tet.2007.02.041
http://dx.doi.org/10.1016/j.tet.2007.06.011
http://dx.doi.org/10.1016/j.tet.2007.06.011
http://dx.doi.org/10.1016/j.tet.2007.06.011
http://dx.doi.org/10.1016/j.tet.2010.06.038
http://dx.doi.org/10.1016/j.tet.2010.06.038
http://dx.doi.org/10.1016/j.tet.2010.06.038
http://dx.doi.org/10.1016/j.tet.2010.06.038
http://dx.doi.org/10.1002/ange.19951071216
http://dx.doi.org/10.1002/ange.19951071216
http://dx.doi.org/10.1002/ange.19951071216
http://dx.doi.org/10.1002/ange.19951071216
http://dx.doi.org/10.1002/anie.199513481
http://dx.doi.org/10.1002/anie.199513481
http://dx.doi.org/10.1002/anie.199513481
http://dx.doi.org/10.1016/0040-4039(95)00605-C
http://dx.doi.org/10.1016/0040-4039(95)00605-C
http://dx.doi.org/10.1016/0040-4039(95)00605-C
http://dx.doi.org/10.1016/S0040-4020(01)00659-7
http://dx.doi.org/10.1016/S0040-4020(01)00659-7
http://dx.doi.org/10.1016/S0040-4020(01)00659-7
http://dx.doi.org/10.1002/ange.200601612
http://dx.doi.org/10.1002/ange.200601612
http://dx.doi.org/10.1002/ange.200601612
http://dx.doi.org/10.1002/ange.200601612
http://dx.doi.org/10.1002/anie.200601612
http://dx.doi.org/10.1002/anie.200601612
http://dx.doi.org/10.1002/anie.200601612
http://dx.doi.org/10.1002/adsc.200800077
http://dx.doi.org/10.1002/adsc.200800077
http://dx.doi.org/10.1002/adsc.200800077
http://dx.doi.org/10.1021/ja077074w
http://dx.doi.org/10.1021/ja077074w
http://dx.doi.org/10.1021/ja077074w
http://dx.doi.org/10.1039/b905820f
http://dx.doi.org/10.1039/b905820f
http://dx.doi.org/10.1039/b905820f
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/chem.200900281
http://dx.doi.org/10.1002/chem.200900281
http://dx.doi.org/10.1002/chem.200900281
http://dx.doi.org/10.1002/anie.200902996
http://dx.doi.org/10.1002/anie.200902996
http://dx.doi.org/10.1002/anie.200902996
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1007/3418_2007_062
http://dx.doi.org/10.1007/3418_2007_062
http://dx.doi.org/10.1007/3418_2007_062
http://dx.doi.org/10.1007/3418_2007_062
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/10.1039/b607547a
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1039/b606984n
http://dx.doi.org/10.1039/b515481m
http://dx.doi.org/10.1039/b515481m
http://dx.doi.org/10.1039/b515481m
http://dx.doi.org/10.1039/b515481m
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1016/j.tet.2005.11.027
http://dx.doi.org/10.1016/j.tet.2005.11.027
http://dx.doi.org/10.1016/j.tet.2005.11.027
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1038/nature06485
http://dx.doi.org/10.1021/ja100676r
http://dx.doi.org/10.1021/ja100676r
http://dx.doi.org/10.1021/ja100676r
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja807129e
http://dx.doi.org/10.1021/ja807129e
http://dx.doi.org/10.1021/ja807129e
http://dx.doi.org/10.1021/ja904709b
http://dx.doi.org/10.1021/ja904709b
http://dx.doi.org/10.1021/ja904709b
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/ja055353i
http://dx.doi.org/10.1021/jo801273q
http://dx.doi.org/10.1021/jo801273q
http://dx.doi.org/10.1021/jo801273q
http://dx.doi.org/10.1021/ja045342+
http://dx.doi.org/10.1021/ja045342+
http://dx.doi.org/10.1021/ja045342+
http://dx.doi.org/10.1021/ja045342+
http://dx.doi.org/10.1002/ange.200705420
www.chemeurj.org


120, 1958 –1960; Angew. Chem. Int. Ed. 2008, 47, 1932 – 1934; h) Q.
Xiao, W.-H. Wang, G. Liu, F.-K. Meng, J.-H. Chen, Z. Yang, Z.-J.
Shi, Chem. Eur. J. 2009, 15, 7292 –7296; i) L. Zhang, G. Y. Ang, S.
Chiba, Org. Lett. 2010, 12, 3682 – 3685; j) K. Inamoto, T. Saito, M.
Katsuno, T. Sakamoto, K. Hiroya, Org. Lett. 2007, 9, 2931 – 2934; K.
Inamoto, T. Saito, K. Hiroya, T. Doi, J. Org. Chem. 2010, 75, 3900 –
3903; k) N. Guimond, C. Gouliaras, K. Fagnou, J. Am. Chem. Soc.
2010, 132, 6908 –6909.

[15] See Supporting Information.
[16] For example, 1,10-phenanthroline.
[17] For the importance of the type of acid as solvent (PivOH) in Pd-cat-

alyzed intramolecular oxidative biaryl synthesis, see: B. Liegault, D.
Lee, M. P. Huestis, D. R. Stuart, K. Fagnou, J. Org. Chem. 2008, 73,
5022 – 5028.

[18] Upon mixing the reagents at room temperature a better solubility of
CuIIACHTUNGTRENNUNG(OAc)2 was observed in the presence of benzoic acids versus
acetic acid.[15]

[19] For application of such conditions to the synthesis of benzoxazoles
and benzothiazoles, see: a) N. Barbero, M. Carril, R. SanMartin, E.
Dom�nguez, Tetrahedron 2007, 63, 10425 –10432; b) J. H. Spatz, T.
Bach, M. Umkkehrer, J. Bardin, G. Ross, C. Burdack, J. Kolb, Tetra-
hedron Lett. 2007, 48, 9030 –9034; c) G. Evindar, R. A. Batey, J.
Org. Chem. 2006, 71, 1802 –1808.

[20] For an intramolecular amination process with stoichiometric CuI
salts and iodide or bromide substrates, see: K. Yamada, T. Kubo, H.
Tokuyama, T. Fukuyama, Synlett 2002, 0231 –0234.

[21] For amination processes on aryl iodides and bromides with catalytic
CuI salts and ligands, see: a) H.-J. Cristau, P. P. Cellier, J.-F. Spindler,
M. Taillefer, Chem. Eur. J. 2004, 10, 5607 –5622; b) A. Klapars, J. C.
Antilla, X. Huang, S. L. Buchwald, J. Am. Chem. Soc. 2001, 123,
7727 – 7729; c) F. Y. Kwong, S. L. Buchwald, Org. Lett. 2003, 5, 793 –
796; d) X. Deng, H. McAllister, N. S. Mani, J. Org. Chem. 2009, 74,
5742 – 5745.

[22] For a different synthetic route to tetracycle 7, see: C. Venkatesh,
G. S. M. Sundaram, H. Ila, H. Junjappa, J. Org. Chem. 2006, 71,
1280 – 1283.

[23] KIEs have been observed for Pd-catalyzed intramolecular aryla-
tions, see: a) D. Garcia-Cuadrado, A. A. C. Braga, F. Maseras, A. M.

Echavarren, J. Am. Chem. Soc. 2006, 128, 1066 –1067; b) D. Garcia-
Cuadrado, P. de Mendoza, A. A. C. Braga, F. Maseras, A. M. Echa-
varren, J. Am. Chem. Soc. 2007, 129, 6880 –6886.

[24] A combination of both inter- and intramolecular KIEs can be signif-
icantly more informative than either by itself : E. J. Hennessy, S. L.
Buchwald, J. Am. Chem. Soc. 2003, 125, 12084 –12085.

[25] For a similar anti-oxy-cupration in meta-selective copper-catalyzed
C�H bond arylation with Ph2IX as oxidant, see: R. J. Phipps, M. J.
Gaunt, Science 2009, 323, 1593 –1597.

[26] For an example of b-hydride elimination involving CuII species see:
G. Franc, A. Jutand, Dalton Trans. 2010, 39, 7873 – 7875.

[27] Recently, our research group showed that in direct functionalization
via transition-metal-catalyzed reactions the hydrogen atom in the
substrate can be finally lost as H2 gas. H. Prokopcov	, S. D. Berg-
man, K. Aelvoet, V. Smout, W. Herrebout, B. Van der Veken, L.
Meerpoel, B. U. W. Maes, Chem. Eur. J. 2010, 16, 13063 – 13067.
Raman spectroscopy measurement showed that in the direct amina-
tions studied here, no H2 gas is formed under oxygen free atmos-
phere (Table 1, entry 24).

[28] In the Chan–Evans–Lam reaction, CuII acts as a single-electron oxi-
dant: A. E. King, T. C. Brunold, S. S. Stahl, J. Am. Chem. Soc. 2009,
131, 5044 –5045.

[29] For kinetic isotope effects in syn b-hydride elimination, see: a) J.
Evans, J. Schwartz, P. W. Urquhart, J. Organomet. Chem. 1974, 81,
C37-C39; b) C. J. Jenks, M. Xi, M. X. Yang, B. E. Bent, J. Phys.
Chem. 1994, 98, 2152 –2157.

[30] a) A comparison of kobsd values can only be done for those reactions
with a very high selectivity towards the desired reaction product.
Otherwise kobsd values do not represent exclusive information on the
3 to 4 transformation. kobsd values were determined for reactions run
with 3,4,5-trifluorobenzoic acid as additive. b) DFT calculations
were performed on structures B (Scheme 5), where R=Me.

[31] H. Wang, Y. Wang, C. Peng, J. Zhang, Q. Zhu, J. Am. Chem. Soc.
2010, 132, 13217 –13219.

Received: November 21, 2010
Revised: February 27, 2011

Published online: April 20, 2011

www.chemeurj.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2011, 17, 6315 – 63206320

B. U. W. Maes et al.

http://dx.doi.org/10.1002/ange.200705420
http://dx.doi.org/10.1002/ange.200705420
http://dx.doi.org/10.1002/ange.200705420
http://dx.doi.org/10.1002/anie.200705420
http://dx.doi.org/10.1002/anie.200705420
http://dx.doi.org/10.1002/anie.200705420
http://dx.doi.org/10.1002/chem.200900154
http://dx.doi.org/10.1002/chem.200900154
http://dx.doi.org/10.1002/chem.200900154
http://dx.doi.org/10.1021/ol101490n
http://dx.doi.org/10.1021/ol101490n
http://dx.doi.org/10.1021/ol101490n
http://dx.doi.org/10.1021/ol0711117
http://dx.doi.org/10.1021/ol0711117
http://dx.doi.org/10.1021/ol0711117
http://dx.doi.org/10.1021/jo100557s
http://dx.doi.org/10.1021/jo100557s
http://dx.doi.org/10.1021/jo100557s
http://dx.doi.org/10.1021/ja102571b
http://dx.doi.org/10.1021/ja102571b
http://dx.doi.org/10.1021/ja102571b
http://dx.doi.org/10.1021/ja102571b
http://dx.doi.org/10.1016/j.tet.2007.08.013
http://dx.doi.org/10.1016/j.tet.2007.08.013
http://dx.doi.org/10.1016/j.tet.2007.08.013
http://dx.doi.org/10.1016/j.tetlet.2007.10.067
http://dx.doi.org/10.1016/j.tetlet.2007.10.067
http://dx.doi.org/10.1016/j.tetlet.2007.10.067
http://dx.doi.org/10.1016/j.tetlet.2007.10.067
http://dx.doi.org/10.1021/jo051927q
http://dx.doi.org/10.1021/jo051927q
http://dx.doi.org/10.1021/jo051927q
http://dx.doi.org/10.1021/jo051927q
http://dx.doi.org/10.1055/s-2002-19782
http://dx.doi.org/10.1055/s-2002-19782
http://dx.doi.org/10.1055/s-2002-19782
http://dx.doi.org/10.1002/chem.200400582
http://dx.doi.org/10.1002/chem.200400582
http://dx.doi.org/10.1002/chem.200400582
http://dx.doi.org/10.1021/ja016226z
http://dx.doi.org/10.1021/ja016226z
http://dx.doi.org/10.1021/ja016226z
http://dx.doi.org/10.1021/ja016226z
http://dx.doi.org/10.1021/ol0273396
http://dx.doi.org/10.1021/ol0273396
http://dx.doi.org/10.1021/ol0273396
http://dx.doi.org/10.1021/jo900912h
http://dx.doi.org/10.1021/jo900912h
http://dx.doi.org/10.1021/jo900912h
http://dx.doi.org/10.1021/jo900912h
http://dx.doi.org/10.1021/jo0522411
http://dx.doi.org/10.1021/jo0522411
http://dx.doi.org/10.1021/jo0522411
http://dx.doi.org/10.1021/jo0522411
http://dx.doi.org/10.1021/ja037546g
http://dx.doi.org/10.1021/ja037546g
http://dx.doi.org/10.1021/ja037546g
http://dx.doi.org/10.1126/science.1169975
http://dx.doi.org/10.1126/science.1169975
http://dx.doi.org/10.1126/science.1169975
http://dx.doi.org/10.1039/c0dt00632g
http://dx.doi.org/10.1039/c0dt00632g
http://dx.doi.org/10.1039/c0dt00632g
http://dx.doi.org/10.1021/ja9006657
http://dx.doi.org/10.1021/ja9006657
http://dx.doi.org/10.1021/ja9006657
http://dx.doi.org/10.1021/ja9006657
http://dx.doi.org/10.1016/S0022-328X(00)88213-3
http://dx.doi.org/10.1016/S0022-328X(00)88213-3
http://dx.doi.org/10.1021/j100059a031
http://dx.doi.org/10.1021/j100059a031
http://dx.doi.org/10.1021/j100059a031
http://dx.doi.org/10.1021/j100059a031
http://dx.doi.org/10.1021/ja1067993
http://dx.doi.org/10.1021/ja1067993
http://dx.doi.org/10.1021/ja1067993
http://dx.doi.org/10.1021/ja1067993
www.chemeurj.org

