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Catalytic Enantioselective Synthesis of Tetrahydroisoquinolines and
Their Analogues Bearing a C4 Stereocenter: Formal Synthesis of

(+)-(8S,13R)-Cyclocelabenzine

Zhilong Chen†, Zhaobin Wang†, and Jianwei Sun*[a]

1,2,3,4-Tetrahydroisoquinoline (THIQ) is a ubiquitous
subunit found in numerous alkaloids and therapeutic agents
with significant biological activities, such as antitumor and
antimicrobial activities.[1] Thus, intensive efforts have been
directed to the development of methods for the stereoselec-
tive incorporation of this important unit. Among the various
strategies that have been developed, the majority are fo-
cused on the incorporation of THIQs with a C1 stereocen-
ter.[2] In contrast, direct and general asymmetric methods
for the preparation of a THIQ skeleton with concomitant
formation of the C4 stereocenter are scarce.[3–5] However,
THIQs of this type are by no means less important. For ex-
ample, many natural products and drug leads, such as cri-
nine, lycorine, and a type of H3 antagonist/serotonin-trans-
porter inhibitors (Scheme 1) have a stereogenic center at

the C4 position.[6] As a result of the limited availability of
such methods, current approaches for the synthesis of these
core structures typically involve multistep sequences, for ex-
ample, initial installation of the C4 stereocenter followed by
ring closure at the C1 position (Scheme 2).[7] Herein, we
report the first multicomponent strategy to address this
unmet challenge by establishing the THIQ skeleton as well
as the C-4 stereogenic center in one step.

Intrigued by the versatility of the oxetane functional
group in organic synthesis and medicinal chemistry[8] as well
as our initial success in employing it for ring-expansion and
oxetane-directed aza-Diels–Alder reactions,[9] we envisioned
that a benzylamine tethered with an ortho-oxetane moiety
could undergo ring formation leading to THIQ (Scheme 2).
The intramolecular oxetane ring opening by the nitrogen
atom could be enantioselective in the presence of a chiral
catalyst, thus furnishing the C4 stereocenter. The benzyla-
mine could be generated in situ by reductive amination of
the corresponding aldehyde. In this multicomponent cascade
process, the proper choice of chiral catalyst is crucial not
only for the efficient bond formation in both steps, but also
for the chiral induction in the oxetane desymmetrization.[10]

In view of the known difficulty in oxetane ring opening by
amine nucleophiles,[11] and the high enantioselectivity that
can be achieved with Lewis acid catalysis,[11c] we planned to
examine the use of chiral Brønsted acid catalysts.[12,13]

We began the evaluation of our hypothesis with aldehyde
1 a and 3,4,5-trimethoxyaniline 2 a as the reaction partners
and Hantzsch ester 3 a as the reductant.[14] In the presence
of 5 mol % of racemic phosphoric acid A1, we were pleased
to find that the desired THIQ, 4 a, formed in quantitative
yield (Table 1, entry 1). This result prompted us to screen
various enantiopure chiral phosphoric acids with different
chiral backbones and substituents at the 3- and 3’-positions.
Although all of the evaluated catalysts are capable of pro-
moting the desired formation of 4 a in essentially quantita-
tive yield, SPINOL-derived phosphoric acid C1 gives the
highest enantioselectivity (Table 1, entry 6).[15] In the ab-
sence of molecular sieves, a slight decrease in enantioselec-
tivity was observed (Table 1, entry 8). Further solvent
screening revealed that etherate solvents are superior, with
cyclopentyl methyl ether (CPME) being the best (94:6 er;
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Scheme 1. Selected natural products and drug leads containing THIQs
with a C4 stereogenic center.

Scheme 2. Synthesis of THIQs bearing a C4 stereocenter.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 8426 – 84308426



Table 1, entry 12). The steric bulk of the Hantzsch ester
also has an effect on enantioselectivity. When the rela-
tively small dimethyl ester, 3 d, is used, a slight increase
in enantiomeric ratio was observed. Finally, at a lower
temperature (�20 8C), the reaction proceeds with both
high efficiency and excellent enantioselectivity
(Table 1, entry 16).

With standard reaction conditions established, we
next examined the scope of the multicomponent reac-
tion (Table 2). A range of THIQ products with elec-
tron-withdrawing and electron-donating groups can be
formed with high efficiency and good to excellent
enantioselectivity (4 a–e). A gram-scale reaction was
also carried out, and no erosion in efficiency and enan-
tioselectivity were observed (4 a), relative to the small-
er scale reactions, thus suggesting that our protocol is
amenable to large-scale multistep synthesis. THIQs
with a stereogenic quaternary center at the C4 position
can also be obtained in high yield, albeit with moderate
enantioselectivity (4 f). Substrates having oxetanes teth-
ered on a heterocyclic aryl ring, for example, on thio-

phene (4 g), pyrrole (4 h-i), and indole (4 j) ring can also par-
ticipate in the enantioselective cascade process to furnish a
diverse set of heterocyclic compounds. Notably, pyrrolopi-
perazine and indolopiperazine are both key subunits of a
range of important drug leads and bioactive natural prod-
ucts, such as longamide B, agelastatin F, and palau�
amine (Scheme 3).[16] In addition, as shown in Table 3, a

range of aryl amines are suitable reaction partners. The mild
reaction conditions are compatible with typical functional
groups, such as ethers, esters, halides, and free alcohols. Fi-
nally, the hydroxymethyl group in the 4-position of the prod-
ucts is poised for further functionalizations, such as oxida-
tion and coupling reactions.

We have carried out several control experiments to probe
the reaction mechanism. In the absence of the reductant 3 d,
the reaction between 1 a and 2 a affords 5 in quantitative
yield as a single diastereomer [Eq. (1)], presumably result-
ing from formation of the N,O-acetal followed by oxetane
ring opening by attack of the nitrogen atom. Because the C4

Table 1. Optimization of reaction conditions.[a]

Entry Catalyst Solvent 3 (R1,R2) er (4a)

1 (�)-A1 toluene 3a (Et,Et) –
2 (R)-A2 toluene 3a 73:27
3 (R)-A3 toluene 3a 64:36
4 (R)-A4 toluene 3a 88:12
5 (R)-B toluene 3a 70:30
6 (S)-C1 toluene 3a 92:8
7 (S)-C2 toluene 3a 84:16
8[b] (S)-C1 toluene 3a 91:9
9 (S)-C1 DCM 3a 70:30
10 (S)-C1 THF 3a 91:9
11 (S)-C1 Et2O 3a 93:7
12 (S)-C1 CPME 3a 94:6
13 (S)-C1 CPME 3b (tBu,tBu) 90:10
14 (S)-C1 CPME 3c (tBu,Me) 92:8
15 (S)-C1 CPME 3d (Me,Me) 95:5
16[c] (S)-C1 CPME 3d 97:3

[a] The ratio, 1/2/3, is 1:1:1.2; GC analysis using an internal standard
showed that all products were obtained in quantitative yield. [b] Without
5 � MS. [c] Run at �20 8C. CPME =cyclopentyl methyl ether, Tf = tri-
fluoromethanesulfonyl.

Table 2. Aldehyde scope.[a]

[a] Yield of isolated product. [b] Reaction performed at 0 8C. [c] Reaction performed
at room temperature.

Scheme 3. Representative pyrrolopiperazine-containing alkaloids.
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stereogenic center has been already established, compound
5 was subjected to reduction by Hantzsch ester 3 d in the
presence of racemic phosphoric acid A1. Product 4 a was ob-
tained in quantitative yield and the enantioselectivity is
comparable to that obtained using the one-pot standard re-
action conditions. However, we could not observe any inter-
mediate, such as 5, under our standard one-pot procedure.
These results suggest that if compound 5 is an intermediate,
the second step might be the faster step. In contrast to 1 a,
pyrrole-linked substrate 1 h could not lead to a similar inter-
mediate. Indeed, no reaction was observed between 1 h and
2 a in the presence of catalyst C1 [Eq. (2)]. However, during
the one-pot reaction of 1 h under our standard reaction con-
ditions, we were able to observe one intermediate that is ini-
tially generated and then consumed at the end. When race-
mic catalyst A1 was used, the same intermediate, which
proved to be the reductive amination product 6, was also
observed and isolated at partial conversion of substrate as
an inseparable mixture with racemic product 4 h [Eq. (3)].
This mixture was next subjected to the standard reaction
conditions, thus forming enantioenriched 4 h (81:19 er). The
enantiomeric ratio (er) of 4 h that was formed solely in the
second step was calculated as being 95:5, which is similar to

that of the product obtained by using the one-pot standard
reaction conditions.

From the above experimental results, we proposed possi-
ble mechanisms (Scheme 4). As depicted in path a, through
mediation of the acid catalyst, the aldehyde and the amine
forms N,O-acetal I, an intermediate for imine formation.
Rather than undergoing dehydration to form an imine, I un-
dergoes intramolecular oxetane ring opening through attack
of the amine group, which is more nucleophilic than the al-
cohol group, to give intermediate II. Subsequent reduction
of the resulting N,O acetal group, presumably via iminium
III, affords the desired product, 4. Alternatively, the alde-
hyde and the amine may first undergo reductive amination
to form amine V via the imine intermediate IV (path b).
Next, enantioselective ring opening of the oxetane delivers
product 4. It is also possible for imine IV to undergo enan-
tioselective oxetane ring opening to form iminium III
(path b’). According to the experimental results, all these
mechanisms may function, the one dominating being de-
pendent on the substrate.

To demonstrate the application of our method for THIQ
synthesis, we completed a formal asymmetric synthesis of
the spermidine alkaloid, (+)-(8S,13R)-cyclocelabenzine
(Scheme 5).[17] The enantioenriched product 4 m obtained
from our multicomponent reaction was converted into
phthalimide 7 under Mitsunobu conditions. Subsequent oxi-
dation at the C1 position delivered dihydroisoquinolinone 8.
Oxidative cleavage of the para-methoxyphenyl (PMP) group
followed by alkylation afforded 10, a known intermediate in
a previously completed synthesis of (+)-(8S,13R)-cyclocela-
benzine.[17b]

In summary, we have developed a direct multicomponent
method for the efficient assembly of tetrahydroisoquinoline;
the transformation involves concomitant formation of a C4
stereocenter by means of enantioselective desymmetrization
of oxetanes with amine nucleophiles. Thus, tetrahydroisoqui-
nolines, privileged structures that are typically synthesized
by a multistep sequence, can now be prepared using a one-
step catalytic asymmetric method with high efficiency and

Table 3. Amine scope.[a]

Entry Ar Product Yield [%] er of 4

1 3-OH-C6H4 4 k 95 96:4
2 3,5-(OMe)2-C6H3 4 l 96 96:4
3 4-OMe-C6H4 4 m 89 94:6
4 4-SMe-C6H4 4 n 96 93:7

5 4 o 95 88:12

6 2-napthyl 4 p 96 90:10

[a] Yield of isolated product.

Scheme 4. Plausible mechanisms.
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enantioselectivity. The present method can also be applied
to the asymmetric synthesis of other heteroaryl-fused ana-
logs, such as pyrrolopiperazines and indolopiperazines,
which are also core structures of many important alkaloids
and drug lead compounds. This multicomponent reaction
may proceed by two possible mechanisms, either of which
could be dominant depending on the substrate. Finally, we
have applied our protocol in the formal synthesis of the al-
kaloid, (+)-(8S,13R)-cyclocelabenzine. We anticipate that
the present method will find more applications in drug dis-
covery and alkaloid synthesis.

Acknowledgements

Financial support was provided by Hong Kong RGC (GRF604411 and
ECS605812).

Keywords: alkaloids · asymmetric catalysis · nucleophilic
addition · organocatalysis · strained molecules

[1] a) J. D. Scott, R. M. Williams, Chem. Rev. 2002, 102, 1669 –1730;
b) M. Chrzanowska, M. D. Rozwadowska, Chem. Rev. 2004, 104,
3341 – 3370.

[2] Typical strategies include the Bischler–Napieralski cyclization fol-
lowed by reduction, the Pictet–Spengler reaction, the Pomeranz–
Fritsch cyclization, and the introduction of groups at the C1 position
of activated isoquinoline derivatives by using either electrophiles or
nucleophiles. For a leading review describing various methods for
the synthesis of THIQs bearing a C1 stereogenic center, see
ref. [1b]; for more recent examples, see: a) Z. Li, C.-J. Li, Org. Lett.
2004, 6, 4997 – 4999; b) M. S. Taylor, N. Tokunaga, E. N. Jacobsen,
Angew. Chem. 2005, 117, 6858 –6862; Angew. Chem. Int. Ed. 2005,
44, 6700 – 6704; c) N. Sasamoto, C. Dubs, Y. Hamashima, M. Sodeo-
ka, J. Am. Chem. Soc. 2006, 128, 14010 –14011; d) A. M. Taylor,
S. L. Schreiber, Org. Lett. 2006, 8, 143 –146; e) T. Itoh, M. Miyazaki,
H. Fukuoka, K. Nagata, A. Ohsawa, Org. Lett. 2006, 8, 1295 –1297;
f) S.-M. Lu, Y.-Q. Wang, X.-W. Han, Y.-G. Zhou, Angew. Chem.
2006, 118, 2318 – 2321; Angew. Chem. Int. Ed. 2006, 45, 2260 –2263;
g) F. Berhal, Z. Wu, Z. Zhang, T. Ayad, V. Ratovelomanana-Vidal,

Org. Lett. 2012, 14, 3308 –3311; h) G. Zhang, Y. Ma, S. Wang, Y.
Zhang, R. Wang, J. Am. Chem. Soc. 2012, 134, 12334 – 12337.

[3] There has been limited success on direct incorporation of a THIQ
ring with a C4 stereogenic center; see, for example: a) L. F. Tietze,
K. Thede, R. Schimpf, F. Sannicol�, Chem. Commun. 2000, 583 –
584; b) Q.-L. Xu, L.-X. Dai, S.-L. You, Org. Lett. 2012, 14, 2579 –
2581; c) D. W. Low, G. Pattison, M. D. Wieczysty, G. H. Churchill,
H. W. Lam, Org. Lett. 2012, 14, 2548 – 2551.

[4] For some indirect methods, see: a) M. Yamashita, K. Yamada, K.
Tomioka, J. Am. Chem. Soc. 2004, 126, 1954 –1955; b) N. Philippe,
V. Levacher, G. Dupas, G. Qu�guiner, J. Bourguignon, Org. Lett.
2000, 2, 2185 –2187; c) M. Kihara, M. Ikeuchi, S. Adachi, Y. Nagao,
H. Moritoki, M. Yamaguchi, Z. Taira, Chem. Pharm. Bull. 1995, 43,
1543 – 1546.

[5] A method for forming a C4 stereogenic center by using an existing
isoquinoline skeleton has not been available until recently: L. Shi,
Z.-S. Ye, L.-L. Cao, R.-N. Guo, Y. Hu, Y.-G. Zhou, Angew. Chem.
2012, 124, 8411 –8414; Angew. Chem. Int. Ed. 2012, 51, 8286 –8289.

[6] a) J. W. Cook, J. D. Loudon, In The Alkaloids, Vol. 2, (Eds.: R. H. F.
Manske, H. L. Holmes), Academic Press, New York, 1952, p. 331;
b) R. Apodaca, A. J. Barbier, N. I. Carruthers, L. A. Gomez, J. M.
Keith, T. W. Lovenberg, R. L. Wolin, PCT Int. Appl. WO
138604 A1, 2006.

[7] For selected recent examples, see: a) N. T. Tam, C.-G. Cho, Org.
Lett. 2008, 10, 601 – 603; b) K. Yamada, M. Yamashita, T. Sumiyoshi,
K. Nishimura, K. Tomioka, Org. Lett. 2009, 11, 1631 – 1633; c) C. G.
MaÇas, V. L. Paddock, C. G. Bochet, A. C. Spivey, A. J. P. White, I.
Mann, W. Oppolzer, J. Am. Chem. Soc. 2010, 132, 5176 –5178;
d) A. K. Srivastava, M. Koh, S. B. Park, Chem. Eur. J. 2011, 17,
4905 – 4913.

[8] a) J. A. Burkhard, G. Wuitschik, M. Rogers-Evans, K. M�ller, E. M.
Carreira, Angew. Chem. 2010, 122, 9236 –9251; Angew. Chem. Int.
Ed. 2010, 49, 9052 –9067; b) G. Wuitschik, E. M. Carreira, B.
Wagner, H. Fischer, I. Parrilla, F. Schuler, M. Rogers-Evans, K.
M�ller, J. Med. Chem. 2010, 53, 3227 – 3246.

[9] a) W. Zhao, Z. Wang, J. Sun, Angew. Chem. 2012, 124, 6313 –6317;
Angew. Chem. Int. Ed. 2012, 51, 6209 –6231; b) Z. Chen, B. Wang,
Z. Wang, G. Zhu, J. Sun, Angew. Chem. 2013, 125, 2081 –2085;
Angew. Chem. Int. Ed. 2013, 52, 2027 –2031.

[10] For examples of enantioselective desymmetrization of prochiral 3-
substituted oxetanes, see: a) M. Mizuno, M. Kanai, A. Iida, K. To-
mioka, Tetrahedron: Asymmetry 1996, 7, 2483 –2484; b) M. Mizuno,
M. Kanai, A. Iida, K. Tomioka, Tetrahedron 1997, 53, 10699 –10708;
c) R. N. Loy, E. N. Jacobsen, J. Am. Chem. Soc. 2009, 131, 2786 –
2787; d) Z. Wang, Z. Chen, Angew. Chem. Int. Ed. 2013, DOI:
10.1002/anie.201300188.

[11] S. Searles, V. P. Gregory, J. Am. Chem. Soc. 1954, 76, 2789 – 2790.
[12] For leading reviews on chiral Brønsted acid catalysis, see: a) T.

Akiyama, J. Itoh, K. Fuchibe, Adv. Synth. Catal. 2006, 348, 999 –
1010; b) T. Akiyama, Chem. Rev. 2007, 107, 5744 –5758; c) M.
Terada, Chem. Commun. 2008, 4097 – 4112; d) G. Adair, S. Mukher-
jee, B. List, Aldrichimica Acta 2008, 41, 31– 39; e) D. Kampen, C. M.
Reisinger, B. List, Top. Curr. Chem. 2009, 291, 395 – 456; f) M.
Terada, Synthesis 2010, 1929 –1982; g) M. Rueping, R. M. Koenigs, I.
Atodiresei, Chem. Eur. J. 2010, 16, 9350 – 9365; h) J. Yu, F. Shi, L.
Gong, Acc. Chem. Res. 2011, 44, 1156 – 1171; i) M. Rueping, A.
Kuenkel, I. Atodiresei, Chem. Soc. Rev. 2011, 40, 4539 – 4549.

[13] a) In ref. [9b], we have demonstrated that a chiral phosphoric acid
can catalyze the formation of a range of complex alkaloid-type mol-
ecules containing a THIQ unit bearing a C4 stereocenter. However,
we believe that the asymmetric induction at C4 is controlled by both
the catalyst and the pre-installed C1 stereocenter. The generation of
THIQs bearing a C4 stereocenter in the absence of a C1 stereocen-
ter is highly desirable but much more difficult ; b) In ref. [10d], oxe-
tanes are shown to undergo asymmetric ring opening through the
attack of thiol nucleophiles.

[14] For reviews on transfer hydrogenation with Hantzsch esters, see:
a) S. G. Ouellet, A. M. Walji, D. W. C. MacMillan, Acc. Chem. Res.

Scheme 5. A formal synthesis of (+)-(8S,13R)-cyclocelabenzine. brsm =

based on recovered starting material, CAN=cerium ammonium nitrate,
DIAD =diisopropylazodicarboxylate.

Chem. Eur. J. 2013, 19, 8426 – 8430 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 8429

COMMUNICATIONSynthesis of Tetrahydroisoquinolines

http://dx.doi.org/10.1021/cr010212u
http://dx.doi.org/10.1021/cr010212u
http://dx.doi.org/10.1021/cr010212u
http://dx.doi.org/10.1021/cr030692k
http://dx.doi.org/10.1021/cr030692k
http://dx.doi.org/10.1021/cr030692k
http://dx.doi.org/10.1021/cr030692k
http://dx.doi.org/10.1021/ol047814v
http://dx.doi.org/10.1021/ol047814v
http://dx.doi.org/10.1021/ol047814v
http://dx.doi.org/10.1021/ol047814v
http://dx.doi.org/10.1002/ange.200502277
http://dx.doi.org/10.1002/ange.200502277
http://dx.doi.org/10.1002/ange.200502277
http://dx.doi.org/10.1002/anie.200502277
http://dx.doi.org/10.1002/anie.200502277
http://dx.doi.org/10.1002/anie.200502277
http://dx.doi.org/10.1002/anie.200502277
http://dx.doi.org/10.1021/ja065646r
http://dx.doi.org/10.1021/ja065646r
http://dx.doi.org/10.1021/ja065646r
http://dx.doi.org/10.1021/ol0526165
http://dx.doi.org/10.1021/ol0526165
http://dx.doi.org/10.1021/ol0526165
http://dx.doi.org/10.1021/ol0530326
http://dx.doi.org/10.1021/ol0530326
http://dx.doi.org/10.1021/ol0530326
http://dx.doi.org/10.1002/ange.200503073
http://dx.doi.org/10.1002/ange.200503073
http://dx.doi.org/10.1002/ange.200503073
http://dx.doi.org/10.1002/ange.200503073
http://dx.doi.org/10.1002/anie.200503073
http://dx.doi.org/10.1002/anie.200503073
http://dx.doi.org/10.1002/anie.200503073
http://dx.doi.org/10.1021/ol301281s
http://dx.doi.org/10.1021/ol301281s
http://dx.doi.org/10.1021/ol301281s
http://dx.doi.org/10.1021/ja303333k
http://dx.doi.org/10.1021/ja303333k
http://dx.doi.org/10.1021/ja303333k
http://dx.doi.org/10.1039/a909689b
http://dx.doi.org/10.1039/a909689b
http://dx.doi.org/10.1039/a909689b
http://dx.doi.org/10.1021/ol3008793
http://dx.doi.org/10.1021/ol3008793
http://dx.doi.org/10.1021/ol3008793
http://dx.doi.org/10.1021/ol300845q
http://dx.doi.org/10.1021/ol300845q
http://dx.doi.org/10.1021/ol300845q
http://dx.doi.org/10.1021/ja031760n
http://dx.doi.org/10.1021/ja031760n
http://dx.doi.org/10.1021/ja031760n
http://dx.doi.org/10.1021/ol0057939
http://dx.doi.org/10.1021/ol0057939
http://dx.doi.org/10.1021/ol0057939
http://dx.doi.org/10.1021/ol0057939
http://dx.doi.org/10.1248/cpb.43.1543
http://dx.doi.org/10.1248/cpb.43.1543
http://dx.doi.org/10.1248/cpb.43.1543
http://dx.doi.org/10.1248/cpb.43.1543
http://dx.doi.org/10.1002/ange.201203647
http://dx.doi.org/10.1002/ange.201203647
http://dx.doi.org/10.1002/ange.201203647
http://dx.doi.org/10.1002/ange.201203647
http://dx.doi.org/10.1002/anie.201203647
http://dx.doi.org/10.1002/anie.201203647
http://dx.doi.org/10.1002/anie.201203647
http://dx.doi.org/10.1021/ol702907u
http://dx.doi.org/10.1021/ol702907u
http://dx.doi.org/10.1021/ol702907u
http://dx.doi.org/10.1021/ol702907u
http://dx.doi.org/10.1021/ol9003564
http://dx.doi.org/10.1021/ol9003564
http://dx.doi.org/10.1021/ol9003564
http://dx.doi.org/10.1002/chem.201002938
http://dx.doi.org/10.1002/chem.201002938
http://dx.doi.org/10.1002/chem.201002938
http://dx.doi.org/10.1002/chem.201002938
http://dx.doi.org/10.1002/ange.200907155
http://dx.doi.org/10.1002/ange.200907155
http://dx.doi.org/10.1002/ange.200907155
http://dx.doi.org/10.1002/anie.200907155
http://dx.doi.org/10.1002/anie.200907155
http://dx.doi.org/10.1002/anie.200907155
http://dx.doi.org/10.1002/anie.200907155
http://dx.doi.org/10.1021/jm9018788
http://dx.doi.org/10.1021/jm9018788
http://dx.doi.org/10.1021/jm9018788
http://dx.doi.org/10.1002/ange.201200513
http://dx.doi.org/10.1002/ange.201200513
http://dx.doi.org/10.1002/ange.201200513
http://dx.doi.org/10.1002/anie.201200513
http://dx.doi.org/10.1002/anie.201200513
http://dx.doi.org/10.1002/anie.201200513
http://dx.doi.org/10.1002/ange.201206481
http://dx.doi.org/10.1002/ange.201206481
http://dx.doi.org/10.1002/ange.201206481
http://dx.doi.org/10.1002/anie.201206481
http://dx.doi.org/10.1002/anie.201206481
http://dx.doi.org/10.1002/anie.201206481
http://dx.doi.org/10.1016/0957-4166(96)00312-6
http://dx.doi.org/10.1016/0957-4166(96)00312-6
http://dx.doi.org/10.1016/0957-4166(96)00312-6
http://dx.doi.org/10.1016/S0040-4020(97)00701-1
http://dx.doi.org/10.1016/S0040-4020(97)00701-1
http://dx.doi.org/10.1016/S0040-4020(97)00701-1
http://dx.doi.org/10.1021/ja809176m
http://dx.doi.org/10.1021/ja809176m
http://dx.doi.org/10.1021/ja809176m
http://dx.doi.org/10.1021/ja01639a055
http://dx.doi.org/10.1021/ja01639a055
http://dx.doi.org/10.1021/ja01639a055
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1002/adsc.200606074
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1007/128_2009_1
http://dx.doi.org/10.1007/128_2009_1
http://dx.doi.org/10.1007/128_2009_1
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1002/chem.201001140
http://dx.doi.org/10.1002/chem.201001140
http://dx.doi.org/10.1002/chem.201001140
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1039/c1cs15087a
http://dx.doi.org/10.1039/c1cs15087a
http://dx.doi.org/10.1039/c1cs15087a
http://dx.doi.org/10.1021/ar7001864
www.chemeurj.org


2007, 40, 1327 –1339; b) C. Zheng, S.-L. You, Chem. Soc. Rev. 2012,
41, 2498 –2518.

[15] Catalyst C1 was first developed by List and co-workers: I. Čorić, S.
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