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Aryl amides have been used as important compounds in pharmaceuticals, materials and in molecular catalysis. The

methods reported to prepare aryl amides generally require very specific reagents, and the most popular carboxyl-amine

www.rsc.org/

coupling reactions demand stoichiometric activators. Herein, we report that aryl azides react with aldehydes under base-

catalyzed conditions to yield aryl amides efficiently. Mechanistic investigations support the formation of triazoline

intermediates via azide-enolate cycloaddition, which subsequently undergo rearrangement to give amides by either

thermal decomposition (20 - 140 °C) or aqueous acid work-up at room temperature. The strategy does not require

nucleophilic anilines and is especially efficient for highly electron-deficient aryl amides, including perfluoroaryl amides,

which are otherwise challenging to synthesize.

Introduction

Aryl amides are an
existing ubiquitously in for example pharmaceuticals,l'3 high
. 4, 5 . 6-10
performance materials, synthetic and
supramolecular assemblies.'! Traditional aryl amide synthesis

important class of organic compounds,
auxiliaries,

generally follows the same approach as for aliphatic amides,
i.e., by coupling a nucleophilic aniline with an activated
carboxylic acid (Scheme 1A).12' 13 Popular methods that involve
refluxing anilines with acyl chlorides or anhydrides, or the use
of a coupling reagent often show poor atom economy.”’16
Thermally driven condensation of carboxylic acids and anilines
can also be envisaged.17 However, many mild amidation

protocols that work excellently for aliphatic amides perform
18-21

sluggishly for aryl amides. In addition, for electron-
deficient anilines, which are weak nucleophiles, these
strategies suffer from harsh conditions, low vyields, and

wasteful work-up. Alternative aryl amide syntheses include
arylation of aliphatic (Scheme 1B),22'26
aminocarboxylation of aryl halides®” or ketene precursors,zg‘ »
N-heterocyclic carbene-mediated®®™* or Ni-catalyzed
dehydrogenative coupling of aldehydes,34 and direct oxidative
3638 These protocols
require special reagents, are generally conducted at elevated
temperatures (80 °C — 200 °C), and can rarely be applied to
highly electron-deficient aryl amides. To overcome the
limitation of the weak nucleophilicity of anilines, a different

amides

amidation of aldehydes35 or alcohols.
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approach involving N-centered radicals has also been
developed,39 however suffering from
scope.ao'42 Thus, new and improved methods for anilide
formation are needed.

Synthetic methods using thiocarboxylic acids with aryl
azides,%'45 isocyanates46 or nitroarenes”’ have been reported
to produce aryl amides efficiently under relatively mild
conditions (Scheme 1C). These reactions are generally initiated
by nucleophilic addition of the thioacetate anion to the
respective  nitrogen-containing  species, followed by
rearrangement and elimination. In thioacid/azide reaction, for
example, the aryl amide is formed via a thiotriazoline
intermediate and subsequent loss of sulfur and molecular
nitrogen. This ‘tethering-rearrangement’ strategy eliminates
the requirement of a nucleophilic aniline in the amidation
reaction. However, it has met with limited success due to the
difficulty in accessing thiocarboxylic acid reagents and issues

with their stability.

limited substrate

(A) Via activated carboxylic acids

R A [cat] R n
o
o
(B) Via arylation
Ar
R R [cat] |
T\Rl + AX ——» R N\R +  HX
Base \ﬂ/
o [e]
(C) Via thioacids
Ar-N3 or H
R_ _SH 3 Base = N
T +  Ar-NOjor _— T SAr +  by-products
[e]
Ar-NCO o
(D) This Work
R R
2 Base 1 H
H x N
o [

Scheme 1 Synthetic approaches to aryl amides.
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The azide-aldehyde reaction to vyield the amide while
releasing N, gas as the only byproduct is an attractive strategy,
however, it has limitation regarding the azide substrate.”® The
Boyer reaction requires stoichiometric amount of a strong acid
and has shown only limited success and moderate yields with
aliphatic azides in the intermolecular reactions.*> *° Radical
mediated azide-aldehyde reactions all specific
directing groups on substrates.’®*?

In this work, we report a general strategy for the synthesis
of aryl amides from aryl azides and aldehydes (Scheme 1D).
We hypothesize that the enolate anion (2) formed from
aldehyde (1) under basic conditions would undergo 1,3-dipolar
cycloaddition with azide (3) to form 5-hydroxytriazoline (5),
which would then rearrange to aryl amide (6) with extrusion of
molecular nitrogen (Scheme 2). The strategy of intermolecular
tethering via cycloaddition would partially obviate the
requirement of a strongly nucleophilic N-Ar species and would
offer a straightforward synthesis route. Moreover, the
availability of a wide variety of aldehydes and azides is of high
practical advantage. Although the triazoline formation under
basic condition is expected to proceed efficiently,SI‘ 2 the
control over the rearrangement of 5-hydroxytriazoline (5) to
amide presents a challenge. Depending on the substituents
and reaction conditions, 5-hydroxytriazoline can undergo
different reactions, primarily leading to triazoles.”>”® Herein,
we report the discovery of strategies to falicitate the
conversion of the triazolines to aryl amides. Thus, a wide range
of aryl azides and aldehydes react under mild conditions to
give aryl amides in high yields.

needed

Results and discussion

Initial studies were carried out using cyclohexanecarbaldehyde
(1a) and phenyl azide (3a) in DMSO-d; together with 10 mol %
cesium carbonate, and the reaction was monitored by NMR
(Table 1, Entry 1). Complete conversion to triazoline 5a was
observed within six hours but no amide (6a) was detected at
30 °C (Figure S1). After workup with 1 M HCI, aryl amide 6a
was obtained in 90% vyield (Entry 1). Alternatively, microwave
heating in DMSO at 100 °C gave aryl amide 6a within one hour
in 96% yield (Entry 3). Conventional heating showed identical
efficiency. Increasing the temperature accelerated both the
cycloaddition to triazoline and the rearrangement to aryl
amide. Further screening of the base catalyst showed a

Ar-N
Ri e N=NC R, N=NR,
H 3 I +H* |
R, | ——— N Ry| —— _N Ry
Ar H Ar H
o o HO
2 4 5

. |

Ry

H s
R, A R, * Nz

o e}
1 6

Scheme 2 Proposed base-catalyzed amidation.
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Table 1 Optimization of the reaction conditions *

0
6a

N=py
N | H
H o+ \© — N — N . N
o HO \© \©
1a 3a 5a

# base (0.1 eq.) solvent temp./time yield (%)
1 Cs,CO3 DMSO 30°C/6h 90°

2 Cs,CO3 DMSO 80°C/1h 87

3 Cs,CO3 DMSO 100°C/1h 96

4 KOH DMSO 100°C/0.5h 96 (929
5 K,CO3 DMSO 100°C/1h 82

6 NEt; DMSO 100°C/1h 0

7 KOH DMF 100°C/0.5h 60

8 KOH MeCN 100°C/0.5h 55

9 KOH EtOH 100°C/0.5h 35
10 Cs,CO3 EtOH 100°C/0.5h 0

? Conditions: 1a (1.15 — 1.25 mmol), 3a (1 mmol), solvent (2 mL); microwave
heating, sealed tube; isolated yield. ® Workup with ag. HCI (1 M). “3a (5 mmol).

positive correlation between the conversion and the strength
of the base, in agreement with the degree of enolate
formation. The use of KOH in DMSO, an inexpensive and
stronger base,57 resulted in completion of the reaction within
30 minutes while maintaining an excellent yield (Entry 4).
Potassium carbonate gave the product in 82% yield together
with the un-reacted azide starting material (Entry 5). For
weaker bases such as triethylamine, no amide product was
observed under the same conditions (Entry 6). Compared to
DMF, acetonitrile and ethanol, DMSO was the most efficient
solvent (Entries 4, 7-9), likely owing to its ability to enhance

basicity.57
The scope of the azide was next investigated under base
catalysis and thermal conditions using

cyclohexanecarbaldehyde (1a) (Figure 1A). In general, the
reactions were carried out at least 20 °C below the
decomposition temperature of the azide (Figure S2). The aryl
azide showed high tolerance to various substituents including
cyano (6b, 96%), methoxy (6c, 73%; 6g, 87%), trifluoromethyl
(61, 92%), methyl (6j, 91%) as well as base-labile nitro (6d, 90%;
6h, 92%; 6k, 95%), carboxylic ester (6f, 88%) and halo (F, 6l,
92%; Cl, 6d, 96%; Br, 6k, 98%) groups.

Reactions with phenyl azides having electron-withdrawing
groups generally proceeded faster, and the amidation was
completed at a lower temperature (80 °C) compared to phenyl
azide (100 °C). An exception was p-cyanophenyl azide, which
gave the partial amide product at 80 °C, albeit the reaction
could be completed neatly at 100 °C (6b, 96%). On the other
hand, aryl azides having electron-donating groups generally
required longer reaction times compared to phenyl azide, and
gave slightly lower but still good isolated yields (6c, 73%; 6g,
87%). In these cases, a small amount of aldol products were
observed which contributed to the decreased amide yields.
The steric effect of the ortho-group on the aryl azide was also
examined. Monosubstitution at the ortho position had no
impact; for example, 2-methylphenyl azide gave amide 6j in
91% isolated yield. While 2,6-dichlorophenyl azide gave good
isolated yield (6n, 71%), no product was formed from 2,6-
dimethylphenyl azide (60) after extensive optimization, likely

This journal is © The Royal Society of Chemistry 20xx
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10 mol% KOH
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A. Azide Scope

"
N\CL
6b (R = CN): 96% © R

6c (R = OMe): 73%°

6d (R = NO2): 90%"

6e (R = Cl): 96%"°

6f (R = COOMe): 88%?, 83%°

6g (R = OMe): 87%, 78%°
6h (R = NO2): 92%"

6n (R=CI):71%

60 (R = Me): 0% 6p 98%

g Gy G,

6q 69%, 81%°

R
H
oV
o
6j (R = Me): 91%°
6k (R = NO2): 95%b, 80%°

CF3

6i 92%"
61 (R = F): 92%
6m (R = Br): 98%
H H
Nopg N__Ph
o) o)
6r 0% 6s 35%°

B. Aldehyde scope

H
n N
O
O
6t 92% 6u 0%

6v 83%'

N
Ph X
| 4R
o Z
6y (R=H): 56%
6z (R = 0-Br): 72%
6aa (R = 0-NO2): 85%"
6bb (R = p-NO2): 83%

6w (R = H): 69%"
6x (R = NO2): 93%9

Figure 1 Substrate scope using a-momosubstituted aldehydes.

Conditions: Aldehyde 1 (1.15 - 1.25 mmol), azide 3 (1 mmol), DMSO (2 mL), microwave heating at 100 °C, 0.5 h, isolated yield. * 1 h. °80°C. 30 °C, 6-24 h, quenched by 0.5 M aq.

AcOH (2 mL). 80— 160 °C, 2-10 h. 120 °C, 1 h. 140 °C, 2 h. £ 60 °C, 12 h.

owing to the high steric hindrance of the two ortho methyl
groups. Heterocyclic aryl azides also performed well in the
reaction. 3-Azidopyridine resulted in an excellent yield (6p,
98%), and 3-azidothiophene gave the corresponding amide in
good vyield (6q, 69%) together with noticeable black tar
indicating thermal decomposition at 100 °C. Benzyl azide could
also undergo amidation (6s, 35%), whereas, surprisingly,
electrophilic tosyl azide did not give any amide product.

The reaction could furthermore be carried out at room
temperature (Entry 1, Table 1). In this case, the cycloaddition
was completed within 6-24 hours to give the triazoline, after
which the amide was obtained in high yield following acid
workup (6g, 78%; 6q, 81%). For highly electron-deficient
azides, small amounts of aniline were observed; however, the
aryl amides could still be isolated in good yields (6f, 83%; 6k,
80%; 6i, 78%). These results thus demonstrate a room
temperature process for aryl amide synthesis.

Figure 1B displays the aldehyde scope. Cyclopentyl aldehyde
proved to be an excellent substrate (6t, 92%), whereas
cyclopropane carbaldehyde did not give any product even at
160 °C, likely due to unfavorable enolate formation ((:‘;u).53
Acyclic isobutyraldehyde gave amide 6v in 83% isolated vyield;
however requiring a temperature of 140 °C for 2 h to go to
completion, likely due to the lower accessibility of the acyclic
enolate compared to the cyclic counterparts. Similarly, 2-
ethylbutanal gave the aryl amide within 2 h at 140 °C (6w,

This journal is © The Royal Society of Chemistry 20xx

69%), however being unreactive at 100 °C. The lower reactivity
of acyclic aldehydes could be largely overcome by using an
electron-deficient azide, where, for example, m-nitrophenyl
azide reacted with 2-ethylbutanal neatly at 60 °C (6x, 93%). In
addition, acyclic 2-phenylacetaldehyde, having an activated a-
proton, reacted readily with all aryl azides (6y, 6z, 6aa, 6bb).
The moderate yield of 6y (56%) was associated with the a-
amino-ketone by-product 7 (35% vyield, Scheme 3) formed
from the triazoline intermediate.>* However, much less a-
amino-ketone by-product was observed for electron-deficient
azides, and the vyields for the isolated amides increased
significantly (6z, 72%; 6aa, 85%; 6bb, 83%). Non-enolizable
aldehydes such as phenyl aldehyde showed no product
formation as expected.

Ns
PRt \©
[¢)
1b 3a

10 mol % KOH

N=
Ph \l\\]
N
Ph

DMSO, 25 °C HO
5b
‘A
Ph
“Ph * H& “Ph
o PH
6y 56%° 735%2

Scheme 3 Thermal rearrangement of triazoline 5b.
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We next investigated the reaction of a-unsubstituted
aldehydes. When the same conditions (0.1 equiv. KOH/DMSO)
were applied to 3-phenylpropanal,
detected but the triazole was instead formed together with a

amide 6cc was not

large amount of unreacted azide (Table S2). The low azide
conversion (40 — 50%) was also associated with substantial
aldol promote
cycloaddition, the protocol was modified by premixing the

self-condensation. To azide-enolate
azide with t-BuOK followed by dropwise addition of excess
aldehyde (Table S2). The use of THF/t-BuOH as solvent further
inhibited the dehydration/aromatization, and amide 6 was
isolated after acid workup in up to 68% yield (Table 2, Entry
1).54 This strategy could be applied to various a-unsubstituted
aldehydes and azides, showing good substrate scope to yield
aryl amides in 50 — 73% yields at room temperature (Table 2).
Electron-deficient azides (Entries 4-5) underwent cycloaddition
much faster than phenyl but required additional
optimization to maximize the amide yield.

azide,

Perfluoroaryl amides constitute an important subclass of
amides. For example, they are used as auxiliaries in C-H
activations, the synthesis of which is not trivial owing to the
significant deactivation by the electronegative F atoms.” *9¢2
The protocol developed in this study could be readily applied
to perfluoroaryl azides giving perfluoroaryl amides in high
yields. Generally, this reaction proceeded within 1-12 hours
under mild conditions at room temperature in the presence of
K,CO3 in DMSO (Figure 2). p-Cyano (600, 6rr) and p-nitro (6ss)
perfluoroaryl azides required slightly higher temperature (40 —
60 °C), likely due to the highly electron-withdrawing group that
Interestingly, a-

unsubstituted aldehydes, which resulted in substantial triazole

slowed down the formation of triazoline.

Table 2. Amidation of a-unsubstituted aldehydes *

1)t- BuOK, 20°C
THF/A-BuOH

H N
RW A R/W Saro+ 0 N
° o

2) AcOH
1 3
1 product yield (%)b
1 L P K 68
b s
6cc
o

i i
NS
6dd
y 73

6ee
Br Br
H 57
Ns N
O T
6ff
c 0] N. H
5 ° Ph N 50
O L !
- NO,

9
H @:3
o

? Protocol: to a solution of azide 3 (1 mmol) and t-BuOK (2 equiv.) in THF/t-
BUuOH (1 mL/0.5 mL) under vigorous stirring, aldehyde 1 (4 mmol) in THF (0.5
mL) was added dropwise. After the reaction was completed (1-5 minutes), the
solution was quenched with 1.5 M ag. AcOH (2 mL). "Isolated yield. ©t-BuOK
(1.2 equiv.), the volume of solvent was doubled.

4| J. Name., 2012, 00, 1-3

20 mol % K2003

DMSO0, 25 °C 0

F F
H H
q{ N F \jWN F )ﬁ(
o OMe o OMe
F F
F o F [e]

6hh 90% 6jj (R = COOMe): 95%

6kk (R=F): 91%

F

N F

| X W
o N

F

F
6l1 89%

6mm (R = COOMe): 95%
6nn (R=F):91%
600 (R = CN): 73%®

6rr (R = CN): 90%® ¢ :©:
6ss (R =NO2): 80 %% ¢

6tt (R = COOMe): 93%°
6uu (R = F): 54%°

6ii 88%?

6pp (R = Me): 78%
6qq (R = Ph): 82%

F
N F
Ph/W ‘ X
o) _N
F
F

6vv 95%°

Figure 2 Synthesis of perfluoroaryl amides.

Conditions: aldehyde 1 (1.15 - 1.25 mmol), azide 3 (1 mmol), DMSO (2 mL), 1 - 12 h,
isolated yield. * 60 °C. ®50°C, 4d.° p-Dimethylaminopyridine (DMAP) was used as base.
%40°C,16h

formation with other aryl azides, showed high selectivity with
perfluorophenyl azides to yield aryl amides exclusively (6pp,
78%; 6qq, 82%). For the activated phenylacetaldehyde, a weak
base such as DMAP or imidazole was sufficient to promote the
reaction to form the perfluoroaryl amides neatly (6rr — 6vv, 54
— 95%).
further simplifies the synthetic protocol.

In addition, acid workup was not needed, which

The triazolines formed from perfluoroaryl azides rearranged
directly into aryl amides and could not be detected by NMR.
The preference of rearrangement over dehydration is likely
due to the highly electron-deficient perfluoroaryl group, which
facilitates nitrogen extrusion. This is similar to the previously
studied perfluoroaryl azide-enamine cycloaddition that yields
an amidine from the corresponding 5-amino-triazoline
intermediate.®*

Conclusions

We have developed a general approach for the synthesis of
aryl amides from aryl azides and aldehydes by a base-catalyzed
cycloaddition/rearrangement strategy. This process involves
triazoline formation between enolates and aryl
eliminating the requirement of a nucleophlic aniline or
organometallic catalyst in the amidation reaction. The
triazoline intermediate readily undergoes thermally induced or

azides,

acid-mediated rearrangement into aryl amide accompanied by
the extrusion of N,. This base-catalyzed protocol uses mild
including highly electron-
high vyields. The
straightforward protocol and mild conditions, coupled with

conditions to give aryl amides,

deficient perfluoroaryl amides, in

This journal is © The Royal Society of Chemistry 20xx
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high availability of starting materials, makes this method a
valuable approach to access a wide range of aryl amides.

Acknowledgements

The study was in part supported by the Royal Institute of
Technology, the National Institutes of Health (R01GM080295),
and the National Science Foundation (CHE-1112436). S.X. and
Y. Z. thank the China Scholarship Council for a special
scholarship award.

Notes and references

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

A. K. Ghose, V. N. Viswanadhan and J. J. Wendoloski, J.
Comb. Chem., 1999, 1, 55-68.

D. Liu, S. Choi, B. Chen, R. J. Doerksen, D. J. Clements, J. D.
Winkler, M. L. Klein and W. F. DeGrado, Angew. Chem. Int.
Ed., 2004, 43, 1158-1162.

S. Choi, A. Isaacs, D. Clements, D. Liu, H. Kim, R. W. Scott,
J. D. Winkler and W. F. DeGrado, Proc. Natl. Acad. Sci. U.
S. A., 2009, 106, 6968-6973.

G. Ugur, J. Chang, S. Xiang, L. Lin and J. Lu, Adv. Mater.,
2012, 24, 2685-2690.

X. Shen, C. Viney, E. R. Johnson, C. Wang and J. Q. Lu, Nat.
Chem., 2013, 5, 1035-1041.

M. D. K. Boele, G. P. F. van Strijdonck, A. H. M. de Vries, P.
C.J. Kamer, J. G. de Vries and P. W. N. M. van Leeuwen, J.
Am. Chem. Soc., 2002, 124, 1586-1587.

O. Daugulis and V. G. Zaitsev, Angew. Chem. Int. Ed. ,
2005, 44, 4046-4048.

E. P. Kindig, T. M. Seidel, Y.-x. Jia and G. Bernardinelli,
Angew. Chem. Int. Ed. , 2007, 119, 8636-8639.

K. M. Engle, T. S. Mei, M. Wasa and J. Q. Yu, Acc. Chem.
Res., 2012, 45, 788-802.

Y. Aihara and N. Chatani, J. Am. Chem. Soc., 2014, 136,
898-901.

D. W. Zhang, X. Zhao, J. L. Hou and Z. T. Li, Chem. Rev.,
2012, 112, 5271-5316.

C. L. Allen and J. M. Williams, Chem. Soc. Rev., 2011, 40,
3405-3415.

H. Lundberg, F. Tinnis, N. Selander and H. Adolfsson,
Chem. Soc. Rev., 2014, 43, 2714-2742.

R. J. Cvetovich and L. DiMichele, Org. Process Res. Dev.,
2006, 10, 944-946.

J. W. Comerford, J. H. Clark, D. J. Macquarrie and S. W.
Breeden, Chem. Commun., 2009, DOI: 10.1039/b901581g,
2562-2564.

J. R. Dunetz, Y. Xiang, A. Baldwin and J. Ringling, Org. Lett.,
2011, 13, 5048-5051.

A. C. Shekhar, A. R. Kurnar, G. Sathaiah, V. L. Paul, M.
Sridhar and P. S. Rao, Tetrahedron Lett., 2009, 50, 7099-
7101.

C. Gunanathan, Y. Ben-David and D. Milstein, Science,
2007, 317, 790-792.

B. Shen, D. M. Makley and J. N. Johnston, Nature, 2010,
465, 1027-1032.

B. Kang, Z. Fu and S. H. Hong, J Am Chem Soc, 2013, 135,
11704-11707.

Z. Fu, J. Lee, B. Kang and S. H. Hong, Org. Lett., 2012, 14,
6028-6031.

This journal is © The Royal Society of Chemistry 20xx

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

B. P. Fors, K. Dooleweerdt, Q. Zeng and S. L. Buchwald,
Tetrahedron, 2009, 65, 6576-6583.

M. Su and S. L. Buchwald, Angew. Chem. Int. Ed. , 2012,
51, 4710-4713.

S. K. Xiang, D. X. Zhang, H. Hu, J. L. Shi, L. G. Liao, C. Feng,
B. Q. Wang, K. Q. Zhao, P. Hu, H. Yang and W. H. Yu, Adv.
Synth. Catal., 2013, 355, 1495-1499.

N. Panda, R. Mothkuri and D. K. Nayak, Eur. J. Org. Chem.,
2014, 2014, 1602-1605.

F. Tinnis, E. Stridfeldt, H. Lundberg, H. Adolfsson and B.
Olofsson, Org. Lett., 2015, 17, 2688-2691.

J. R. Martinelli, T. P. Clark, D. A. Watson, R. H. Munday
and S. L. Buchwald, Angew. Chem. Int. Ed. , 2007, 46,
8460-8463.

L. M. Baigrie, D. Lenoir, H. R. Seikaly and T. T. Tidwell, J.
Org. Chem., 1985, 50, 2105-2109.

Z.Zhang, Y. Liu, L. Ling, Y. Li, Y. Dong, M. Gong, X. Zhao, Y.
Zhang and J. Wang, J. Am. Chem. Soc., 2011, 133, 4330-
4341,

H. U. Vora and T. Rovis, J. Am. Chem. Soc., 2007, 129,
13796-13797.

J. W. Bode and S. S. Sohn, J. Am. Chem. Soc., 2007, 129,
13798-13799.

F. T. Wong, P. K. Patra, J. Seayad, Y. Zhang and J. Y. Ying,
Org. Lett., 2008, 10, 2333-2336.

P. C. Chiang, Y. Kim and J. W. Bode, Chem. Commun.,
2009, DOI: 10.1039/b909360e, 4566-4568.

A. M. Whittaker and V. M. Dong, Angew. Chem. Int. Ed. ,
2015, 127, 1328-1331.

S. K. Jain, K. A. Aravinda Kumar, S. B. Bharate and R. A.
Vishwakarma, Org. Biomol. Chem., 2014, 12, 6465-6469.
Y. Wang, D. Zhu, L. Tang, S. Wang and Z. Wang, Angew.
Chem. Int. Ed. , 2011, 50, 8917-8921.

F. Xiao, Y. Liu, C. Tang and G. J. Deng, Org. Lett., 2012, 14,
984-987.

S. Kegnaes, J. Mielby, U. V. Mentzel, T. Jensen, P. Fristrup
and A. Riisager, Chem. Commun., 2012, 48, 2427-2429.

Z. Liu, J. Zhang, S. Chen, E. Shi, Y. Xu and X. Wan, Angew.
Chem. Int. Ed. , 2012, 51, 3231-3235.

B. Zhou, Y. Yang, J. Shi, H. Feng and Y. Li, Chem. Eur. J.,
2013, 19, 10511-10515.

G. Carbone, J. Burnley and J. E. Moses, Chem. Commun.,
2013, 49, 2759-2761.

L. M. Jin, H. Lu, Y. Cui, C. L. Lizardi, T. N. Arzua, L. Wojtas,
X. Cui and X. P. Zhang, Chem. Sci., 2014, 5, 2422-2427.

N. Shangguan, S. Katukojvala, R. Greenberg and L. J.
Williams, J. Am. Chem. Soc., 2003, 125, 7754-7755.

R. V. Kolakowski, N. Shangguan, R. R. Sauers and L. J.
Williams, J. Am. Chem. Soc., 2006, 128, 5695-5702.

S. Xie, R. Fukumoto, O. Ramstréom and M. Yan, J. Org.
Chem., 2015, 80, 4392-4397.

D. Crich and K. Sasaki, Org. Lett., 2009, 11, 3514-3517.

A. Bhattacharya, V. C. Purohit, V. Suarez, R. Tichkule, G.
Parmer and F. Rinaldi, Tetrahedron Lett., 2006, 47, 1861-
1864.

S. S. Kulkarni, X. Hu and R. Manetsch, Chem. Commun.,
2013, 49, 1193-1195.

J. H. Boyer and J. Hamer, J. Am. Chem. Soc., 1955, 77, 951-
954,

G. L. Milligan, C. J. Mossman and J. Aube, J. Am. Chem.
Soc., 1995, 117, 10449-10459.

J. Name., 2013, 00, 1-3 | 5



Please do not adiust margins

ARTICLE

51. C. E. Olsen and C. Pedersen, Acta. Chem. Scand., 1973, 27,
2271-2278.

52. L. Yao, B. T. Smith and J. Aube, J. Org. Chem., 2004, 69,
1720-1722.

53. C. E. Olsen, T. Red, K. Ase, J. Songstad, A. H. Norbury and
C.-G. Swahn, Acta. Chem. Scand., 1973, 27, 2989-2996.

54. C. E. Olsen, Acta. Chem. Scand. B, 1975, 29, 953-962.

55. D. B. Ramachary, A. B. Shashank and S. Karthik, Angew.
Chem. Int. Ed., 2014, 53, 10420-10424.

56. S. Xie, 0. Ramstrom and M. Yan, Org. Lett., 2015, 17, 636-
639.

57. T. Kawabata, K. Moriyama, S. Kawakami and K. Tsubaki, J.
Am. Chem. Soc., 2008, 130, 4153-4157.

58. P. K. Chou, G. D. Dahlke and S. R. Kass, J. Am. Chem. Soc.,
1993, 115, 315-324.

59. M. Wasa, K. M. Engle and J. Q. Yu, J. Am. Chem. Soc.,
2009, 131, 9886-9887.

60. T. M. Figg, M. Wasa, J. Q. Yu and D. G. Musaev, J. Am.
Chem. Soc., 2013, 135, 14206-14214.

61. J. He, S. Li, Y. Deng, H. Fu, B. N. Laforteza, J. E. Spangler, A.
Homs and J. Q. Yu, Science, 2014, 343, 1216-1220.

62. J. He, R. Takise, H. Fu and J. Q. Yu, J. Am. Chem. Soc.,
2015, 137, 4618-4621.

63. X. C. Wang, W. Gong, L. Z. Fang, R. Y. Zhu, S. Li, K. M. Engle
and J. Q. Yu, Nature, 2015, 519, 334-338.

64. S. Xie, S. A. Lopez, O. Ramstrom, M. Yan and K. N. Houk, J.

Am. Chem. Soc., 2015, 137, 2958-2966.

6| J. Name., 2012, 00, 1-3

Journal Name

This journal is © The Royal Society of Chemistry 20xx



