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ABSTRACT: A simple ceric ammonium nitrate (CAN) catalyzed ﬁ Ho
functionalization of ketones through double C—C bond cleavage | Ny e EWG oo, Rl e
strategy has been disclosed. This reaction provides a mild, practical RT /T‘;dsj:z C-C bond cleavage L~ O

3

method toward carbamoyl azides, which are versatile intermediates and
building blocks in organic synthesis. Based on relevant mechanistic
studies, a unique and plausible C—C bond and N—O bond cleavage process is proposed, where the oxyamination intermediate
plays an important role in this reaction.

ldehydes, ketones, and imines are among the most Especially, the direct transformation of ketones through two
important and fundamental organic functional groups. C—C bond cleavages in one step is still unknown.

Their transformation and modification are the most common Herein, we disclose a novel CAN catalyzed functionalization

strategy in organic synthesis to prepare complex and value- of ketones for the efficient synthesis of carbamoyl azides with

added chemicals." As the reactive functional groups, aldehydes, the retention of the oxo-group through two C—C bond

ketones, and imines mainly participate in transformations cleavages (Scheme 1c). The significances of the present method

through a 1,2-addition strategy,1 in which the unsaturated is threefold: (1) To the best of our knowledge, this chemistry

bonds are converted into saturated functional groups (Scheme presents a novel direct transformation of ketones to carbamoyl

1a). In contrast, the functionalization of these groups with the azides with the retention of the oxo-group. This inexpensive

CAN catalyzed process is easily handled under mild conditions.

Scheme 1. Functionalization of Unsaturated Aldehydes, (2) The transformation via unstrained C—C bond cleavage6

Ketones, and Imines under mild conditions presents one of the most challenging

Thisirsaturaled: Raictionst groups hangad: reactions due to their inactivity and selectivity, but remains a

X _FG? very attractive process. Two C—C bond cleavages are achieved

(@) I} : 1.2 addition siratogy i‘R' in this transformation including the insertion of a N-atom into

;?: O.RN well developed FG' 'R a C—C bond, as well as the azidation of a C—C bond. (3)

.................... Organic azides have assumed an important position at the
The unsaturated functional groups retention: . . . .. .
interface between chemistry, biology, medicine, and materials
(b) One C-H/C-C bond cleavage. . 7 . . . . .
science.” This chemistry provides a direct approach from simple

le _ C-HIC-C cleavage strategy X ketones to carbamoyl azides, which are also versatile

R” R P RJLFG" intermediates and building blocks in organic synthesis.”®
éi%f:l Our research commenced with the reaction of methyl 3-oxo-
(c) Two C-C bonds cleavage. 3-phenylpropanoate (1a) as the model substrate with TMSN,
— in the presence of catalysts and oxidants. Gratifyingly,
“?\E 2 doubleCChb m:: dediEgs il j\ carbamoyl azide 2a was obtained when the reaction was carried
it e NN out in the presence of CAN (Table 1). After extensive

screening of different parameters, it is interesting to note that
only a catalytic amount of CAN is required for this
retention of these unsaturated chemical bonds is an transformation. The reaction under the optimized conditions,
undoubtedly attractive but challenging issue. One or two C— which 1nclud4es 2.0 .mOI % CAN, 1.0 equiv of TEMPO (22,6,6-
H/C—C bond cleavages would be involved for this kind of tetrame.thylplperldme-1-'oxyl), un.der 0O, at 60 °C, could afford
functionalization. Although the direct C—H? and C—C® bond the desired product 2a in 77% yield (entry 1). Both CAN and
functionalization has been significantly developed in the past
decades, the functionalization of ketones through C—H/C-C Received: May 19, 2014
bond cleavage is still a challenging issue (Scheme 1b).*° Published: June 6, 2014
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Table 1. Examination of Reaction Conditions®
CAN (20 mol %)

o]
TEMPO (1. iv H
COOMe S NN
+ TMSN;
EtOAc, 60 °C, O; o
1a 2a

entry change from the “standard conditions” yield (%)®

1 none 77

2 no CAN 0

3 no TEMPO 17

4 no 4 A MS 70

S PIDA instead of TEMPO trace
6 NHPI instead of TEMPO 10

7 DMF instead of EtOAc trace
8 CH;CN instead of EtOAc 45

9 Air instead of O, 56
10 Ar instead of O, S0
11 Mn(OAc);3H,0 instead of CAN 65
12 FeCl, instead of CAN 35
13 CuCl, instead of CAN 35
14 the amount of TMSN; was 2.0 equiv 29
1S the amount of TEMPO was 0.2 equiv 26

“Reaction conditions: 0.4 mmol of la, 1.4 mmol of TMSN,
(azidotrimethylsilane), 20 mol % CAN (ceric ammonium nitrate),
1.0 equiv of TEMPO, 3 mL of EtOAc, 100 mg of 4 A MS, stirred at 60
°C under O, for 36 h. “Isolated yields. PIDA (phenyliodine diacetate),
NHPI (N-hydroxyphthalimide).

TEMPO were essential for this direct transformation (entries 2,
3). The reactions with other oxidants showed low efficiencies
(entries 5—6). The reaction did not work well in strong polar
solvents such as DMF (entry 7) and gave a moderate yield in
CH,CN (entry 8). Further studies indicated that moderate
yields were achieved in the presence of Ar or air, suggesting that
oxygen is not essential (entries 9—10). Yet, O, is still the most
suitable choice to improve the efficiency of this transformation.
It is interesting that when FeCl; or CuCl, was used as the
catalyst instead of CAN, 2a was obtained in 35% and 35%
yields, respectively (entries 12—13), which indicates that CAN
may play a role as both a single electron oxidant and Lewis acid
to catalyze this transformation.

With the optimal conditions in hand, the scope of the
substrate was investigated. It is noteworthy that the arylketones
at the f-position of a ketone, ester, and amide group performed
well under these conditions (entries 1—4, Table 2).
Interestingly, the desired carbamoyl azide products could be
obtained when f-cyano, nitro, phospholipid substituted ketones
were employed, albeit in low yields (entries 5—7). The
substrates containing an electron-donating group at the aryl
ring could be transformed to the desired products in good
yields (entries 8—10). Meanwhile, substrates with electron-
deficient aryl substituents showed moderate efficiencies (entries
11-15). It is noteworthy that the substrates with aromatic
halides performed well in this transformation generating halo-
substituted products (60—72%, entries 11—13), which offer
opportunities for further transformations. In addition, sub-
stituents at different positions of the aryl group did not affect
the efficiency (entries 18—21). Gratifyingly, the heteroaryl
substituted ketone 1x gave the desired carbamoyl azide product
in 63% yield under the standard conditions (entry 24).

To illustrate the synthetic utility of this difunctionalization
reaction, a variety of transformations of carbamoyl azide are
displayed in Scheme 2. It is noteworthy that carbamoyl azide is
an economical intermediate for the synthesis of tetrazoles (3)°
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Table 2. Substrate Scope of Ketones®

o]
st CAN (20 mol %) N i Na
o + TMsN, — TEMPO (1.0equv)_ cp (s hig
Z EtOAc, 4 AMS # 0O
60°C, Oy, 36 h 2
entry substrate  yield(%)of 2 | entry  substrate yield(%) of 22
o : 0
1
R = R!
R
o
1 1a: R'= COOMe 2a 77
1r: R! = COOMe 2r63
2 1b:R'=COMe 2a 63 8 i .
3 1c:R'=COOEt 2a 70 TR
’ £ 19 1s:R'=COOMe 2550
4 1d: R' = CONHPh 2a 46 R2=2.Me
5  1e:R'=NO, 2a 1 20 1t R'=COOEt 2h 64
6 1f: R'=CN 2a 31 RZ= 4-Me
7 1g: R‘=P(()0Et)2 2a 34 21 1uR'=COMe 2h 50
R? = 4-Me
(o]

COOMe
22
=5 .)\,coom
.

8 1h: R; =Me 2h 72 2v70
9  1i: R?=0OMe 2i 78 23 O

10 1j: RZ=OEt 2 75 GO0MS

11 1k: R?=F 2k 69

12 1 R%=Cl 21 72 OG 1w 2w 43
13 Am:R?=Br 2m 60 o

14 1m:R2=CF, 2n 63 24 COOMe

15 10:R?=CN 20 51

16 1p:R®=1Bu 2p 68 I\ 1x 2x 63
17 1q: R2=Ph 2q 65 s

“Reaction conditions: 0.4 mmol of 1, 1.4 mmol of TMSNj, 20 mol %
CAN, 1.0 equiv of TEMPO, 4 A MS, 3 mL of EtOAg, stirred at 60 °C
under O, for 36 h. “Isolated yields.

Scheme 2. Diverse Transformations of Carbamoyl Azide
Products
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which are very useful building blocks and common biologically
active molecules.” Carbamoyl azide can also be easily converted
into arylamine (4) in 75% yield."® Urethane (5) was produced
in 73% yield when 2a was refluxed in ethanol. Similarly, with n-
BuLi and amine as nucleophiles, carbamoyl azide can be
transformed into amide (6)'" and urea (7)"? respectively.

When the reaction time was shortened to 60 min, the
benzoyl azide (8) was isolated in 25% yield (eq 1).
Furthermore, when benzoyl azide 8 and isocyanate 9, which
is the Curtius rearrangement13 product of acyl azide, were used
as substrates under the standard conditions, the target products
were obtained in 79% and 80% yields, respectively (eqgs 2, 3).
These results suggest that benzoyl azides and isocyanates might
be the intermediates involved in this transformation.
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o}
o 0
W standard conditions N3 4 2a: 20% o)
_Standard conditions :
60 min
1b 8: 25%
Q CAN, TEMPO g n
N, TMSNs 25 equiv ©/ o (2)
EtOAc, 60 °C, Op Y
8 36 h 2a: 79%
CAN, TEMPO o
NCO  TMSNj; (2.5 equiv) ©/ \n/ 3 3
_ TP
©/ EtOAc, 60 °C, O, O
36h 2a: 80%

9

In order to probe the C—C bond cleavage process, 1,3-bis(4-
methoxyphenyl)propane-1,3-dione (1ly) was employed as the
substrate to detect the other half product of this transformation.
Interestingly, besides the desired benzoyl azide intermediate
(10) and difunctional product (2i), an a-ketoamide byproduct
(11) was detected in this transformation (eqs 4, 5).

(o]
/(j)L N3
O

+ 2i:15%
o O
CAN, TEMPO 10: 76%
O O TMSN; (6 equiv) o @
MeO OMe EtOAc, 60.°C, [ NH,
60 min i
1y MeQO
11: 29%
H
CAN, TEMPO N \n/Ns
TMSN; (6 equiv)
1y oM E0°C O MeO O + 11:32% (5)
1OAC, 80°C. O, 2i: 85%

36 h

Furthermore, TEMPH (tetramethylpiperidine) as the reduction
product of TEMPO was detected by GC-MS after reaction (see
Figure S1). In addition, essential '*O-labeling studies exclude
the possibility of an oxygen source such as H,0 and O, (see
SI). We therefore hypothesized that TEMPO donated an O-
atom to this transformation leading to the formation of 11 (eq
4), which can also explain why stoichiometric TEMPO was
required in this reaction system (entry 15, Table 1).

Inspired by the above results, the active oxyamination
intermediate (12) was detected at a very early step of the
reaction (eq 6). In addition, 12 could be obtained in high yield

CAN,TEMPO
: 0
Ar 1y Ar TMSN; (6 equiv) @ro ©
__TMSN; (6 equiv)
EtOAg, 60 °C, O
Ar = OOMe & min 2 07 TAr
12: 64%
CAN,TEMPO
R4 EtOAc, 60 °C, O 12 o
106 G 02 yithcAN cat. 88%
min without CAN cat. 0%
CAN
TMSN; (6 equiv) "
T eTEeT—— 2i:60% + 11:49% 8)

EtOAc, 60 °C, O,
36h

(88%) in the absence of azide under the optimal conditions (eq
7). It is worthy to note that a similar reaction did not work
without the CAN catalyst (eq 7), which explains why CAN is
required for this transformation. Furthermore, the control
reaction shows that 12 could be converted into the desired
products successfully under the standard conditions (eq 8).
The above results indicate that TEMPO would initially react
with the methylene group of ketones directly to trigger this C—
C bond cleavage process.
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On the basis of these results, a plausible mechanism is
proposed in Scheme 3. TEMPO electrophilic attack at the

Scheme 3. Plausible Mechanism for This Transformation
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methylene group of the substrate (1) initially occurs to produce
the oxyaminated species A.'*'® In this reaction, intermediate A
could not be formed in the absence of CAN (eq 7). Meanwhile,
an azide radical is produced through the oxidation of TMSN;
by CAN,'®'7*® or the TEMPO/O, oxidative system.'” Then
the azide radical attacks A to produce the unstable intermediate
B."® The radical species B undergoes a N—O bond cleavage
process through a radical autocatalytic cycle, where the
TEMPH and the fragile intermediate D are generated.'’
Then the intermedate E is generated from D which was
attacked by the azido nucleophile at the more electrophilic
position adjacent to the electron-withdrawing group.”® The
subsequent similar nucleophilic addition of E produces
intermediate F with its resonance structure G, which undergoes
the fragmentation process to produce benzoyl azide I and
byproduct H for the further formation of an amide byproduct.
Finally, I undergoes Curtius rearrangement'® and transforms
into the target product carbamoyl azide 2 with an additional
amount of azide.

In conclusion, a novel and simple CAN catalyzed direct
nitrogenation of ketones through double C—C bond cleavage
has been developed. TEMPO not only plays the role of oxidant
but also participates in the key C—C activation process. This
chemistry offers a simple approach leading to carbamoyl azides
which are of versatile reactivity and synthetic value and provides
meaningful mechanistic insight into the novel cleavage process.
Further studies about the reaction mechanism and the
applications of this transformation are ongoing in our
laboratory.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures, full characterization of new products,
and copies of NMR spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Authors
*E-mail: jiaoning@bjmu.edu.cn.

*E-mail: Xiaodong.Shi@mail.wvu.edu.

dx.doi.org/10.1021/0l5014476 | Org. Lett. 2014, 16, 3388—3391



Organic Letters

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from the National Science Foundation of
China (Nos. 21325206, 21172006), National Young Top-notch
Talent Support Program, and the Ph.D. Programs Foundation
of the Ministry of Education of China (No. 20120001110013)
is greatly appreciated. We thank Yuchao Zhu in Jiao’s group for
reproducing the reactions of 1f and 11 in Table 2.

B REFERENCES

(1) Gribble, G. W. Reductions in Organic Synthesis; Abdel-Majid, A. F.,
Ed; ACS Symposium Series 641; American Chemical Society:
Washington, DC, 1996; Chapter 11, p 167.

(2) For some recent selected reviews, see: (a) Wencel-Delord, J.;
Drége, T.; Liu, F; Glorius, F. Chem. Soc. Rev. 2011, 40, 4740.
(b) Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc. Chem. Res. 2009, 42,
1074. (c) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147.
(d) Yeung, C. S.; Dong, V. M. Chem. Rev. 2011, 111, 1215. (e) Davies,
H. M. L; Du Bois, J; Yu, J-Q. Chem. Soc. Rev. 2011, 40, 1855.
(f) Doyle, M. P.; Goldberg, K. I Acc. Chem. Res. 2012, 45, 777.
(g) Colby, D. A;; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110,
624. (h) Mkhalid, I A. L; Barnard, J. H.; Marder, T. B.; Murphy, J. M.;
Hartwig, J. F. Chem. Rev. 2010, 110, 890. (i) Sun, C.-L.; Li, B.-J.; Shi,
Z.-J. Chem. Rev. 2011, 111, 1293. (j) Ackermann, L. Acc. Chem. Res.
2014, 47, 281. (k) Li, C. J. Acc. Chem. Res. 2009, 42, 33S.

(3) (a) GooBen, L. J.; Rodriguez, N.; Goofen, K. Angew. Chem., Int.
Ed. 2008, 47, 3100. (b) Park, Y. J.; Park, J.-W.; Jun, C.-H. Acc. Chem.
Res. 2008, 41, 222. (c) Jun, C-H. Chem. Soc. Rev. 2004, 33, 610.
(d) Tobisu, M.; Chatani, N. Chem. Soc. Rev. 2008, 37, 300. (e) Horino,
Y. Angew. Chem., Int. Ed. 2007, 46, 2144. (f) Dermenci, A.; Coe, J. W.;
Dong, G. Org. Chem. Front. 2014, DOI: 10.1039/C4QO00053F.

(4) For the Haller—Bauer related reactions, see: (a) Haller, A.; Bauer,
E. Compt. Rend. 1908, 147, 824. For some other examples on the
modification of aldehydes or ketones through C—H/C—C bond
cleavage in past three years, see: (b) Zhang, L.; Bi, X.; Guan, X,; Li, X;
Liu, Q; Barry, B.-D.; Liao, P. Angew. Chem., Int. Ed. 2013, 53, 11303.
(c) Liu, H; Dong, C.; Zhang, Z.; Wu, P.; Jiang, X. Angew. Chem., Int.
Ed. 2012, 51, 12570. (d) He, C; Guo, S.; Huang, Li; Lei, A. J. Am.
Chem. Soc. 2010, 132, 8273. (e) Wang, J.; Chen, W.; Zuo, S.; Liu, L,
Zhang, X.; Wang, J. Angew. Chem., Int. Ed. 2012, 51, 12334. (f) Zhang,
C.; Feng, P.; Jiao, N. J. Am. Chem. Soc. 2013, 135, 15257. (g) Rathbun,
C. M,; Johnson, J. B. J. Am. Chem. Soc. 2011, 133, 2031. (h) Shuai, Q;
Yang, L.; Guo, X,; Baslé, O,; Li, C.-J. J. Am. Chem. Soc. 2010, 132,
12212. (i) Zhang, C.; Xu, Z.; Shen, T.; Wu, G.; Zhang, L.; Jiao, N. Org.
Lett. 2012, 14, 2362. (j) Tiwari, B.; Zhang, J.; Chi, Y. R. Angew. Chem,
Int. Ed. 2012, 51, 1911. (k) Bugaut, X; Liu, F.; Glorius, F. J. Am. Chem.
Soc. 2011, 133, 8130. (1) Sarkar, S. D.; Grimme, S.; Studer, A. J. Am.
Chem. Soc. 2010, 132, 1190. (m) Chudasama, V.; Fitzmaurice, R. J.;
Caddick, S. Nat. Chem. 2010, 2, 592. (n) Liu, Z.; Zhang, J.; Chen, S.;
Shi, E.; Xu, Y.; Wan, X. Angew. Chem.,, Int. Ed. 2012, 51, 3231. (o) Tan,
B.; Toda, N.; Barbas, C. F., II. Angew. Chem., Int. Ed. 2012, 51, 12538.
(p) Liu, W,; Li, Y;; Liu, K; Li, Z. J. Am. Chem. Soc. 2011, 133, 10756.
(q) Shi, Z.; Glorius, F. Chem. Sci. 2013, 4, 829. (r) Paria, S.; Halder, P.;
Paine, T. K. Angew. Chem.,, Int. Ed. 2012, §1, 6195. (s) Allpress, C. J;
Grubel, K; Szajna-Fuller, E.; Arif, A. M.; Berreau, L. M. J. Am. Chem.
Soc. 2013, 135, 659. (t) Zou, L.-H.; Priebbenow, D. L.; Wang, L;
Mottweiler, J.; Bolm, C. Adv. Synth. Catal. 2013, 35S, 2558 and
references in the above papers.

(S) For some examples on the modification of imines through C—H/
C—C bond cleavage, see: Jun, C.-H.; Lee, H.; Lim, S.-G. J. Am. Chem.
Soc. 2001, 123, 751.

(6) For some examples on unstrained C—C bond cleavage, see:
(a) Tobisu, M.; Kinuta, H,; Kita, Y.; Rémond, E.; Chatani, N. J. Am.
Chem. Soc. 2012, 134, 115. (b) Herbert, D. E.; Gilroy, J. B.; Staubitz,
A.; Haddow, M. E,; Harvey, J. N,; Manners, L. J. Am. Chem. Soc. 2010,

3391

132, 1988. (c) Li, H; Li, Y.; Zhang, X.-S.; Chen, K; Wang, X; Shi, Z.-
J. J. Am. Chem. Soc. 2011, 133, 15244. (d) Nakai, K; Kurahashi, T.;
Matsubara, S. . Am. Chem. Soc. 2011, 133, 11066. (e) Youn, S.-W.;
Kim, B.-S; Jagdale, A-R. J. Am. Chem. Soc. 2012, 134, 11308.
(f) Miyazaki, Y.; Ohta, N,; Semba, K; Nakao, Y. J. Am. Chem. Soc.
2014, 136, 3732. (g) Xu, T.; Savage, N. A;; Dong, G. Angew. Chem,,
Int. Ed. 2014, 53, 1891. (h) Bowring, M. A; Bergman, R. G.; Tilley, T.
D. J. Am. Chem. Soc. 2013, 135, 13121. (i) Evans, M. E; Li, T.; Jones,
W. D. J. Am. Chem. Soc. 2010, 132, 16278. (g) Li, H.; Li, W.; Liu, W.;
He, Z.; Li, Z. Angew. Chem,, Int. Ed. 2011, S0, 2975. (k) Waibel, M,;
Cramer, N. Angew. Chem., Int. Ed. 2010, 49, 4455. (1) Sai, M,;
Yorimitsu, H,; Oshima, K. Angew. Chem.,, Int. Ed. 2011, 50, 3294.
(m) Dreis, A. M.; Douglas, C. J. J. Am. Chem. Soc. 2009, 131, 412.
(n) Fristrup, P.; Kreis, M.; Palmelund, A.; Norrby, P.; Madsen, R. J.
Am. Chem. Soc. 2008, 130, 5206. (o) Wakui, H.; Kawasaki, S.; Satoh,
T.; Miura, M;; Nomura, M. J. Am. Chem. Soc. 2004, 126, 8658.
(p) Kuninobu, Y.; Uesugi, T.; Kawata, A.; Takai, K. Angew. Chem., Int.
Ed. 2011, 50, 10406. (r) Chiba, S.; Xu, Y.-J.; Wang, Y.-F. J. Am. Chem.
Soc. 2009, 131, 12886 and references in the above papers.

(7) (a) Scriven, E. F. V,; Turnbull, K. Chem. Rev. 1988, 88, 297.
(b) Sletten, E. M.; Bertozzi, C. R. Acc. Chem. Res. 2011, 44, 666.
(c) Lieber, E.; Minnis, R. L., Jr; Rao, C. N. R. Chem. Rev. 19685, 65,
377.

(8) Tsuge, O.; Urano, S.; Oe, K. J. Org. Chem. 1980, 45, 5130.

(9) Myznikov, L. V.; Hrabalek, A.; Koldobskii, G. 1. Chem. Heterocycl.
Compd. 2007, 43, 1.

(10) Marinescu, L.; Thinggaard, J.; Thomsen, L. B.; Bols, M. J. Org.
Chem. 2003, 68, 9453.

(11) Brandt, J. C.; Wirth, T. Beilstein J. Org. Chem. 2009, S, 30.

(12) Han, Y.-X;; Li, X.-Q.; Wang, W.-K;; Zhang, C. Adv. Synth. Catal.
2010, 352, 2588.

(13) Curtius, T.; Burkhardt, A. J. Prakt. Chem. 1898, 116, 20S.

(14) For some examples that TEMPO coordinates with metal as a
reactive electrophile, see: (a) Dijksman, A; Arends, I. W. C. E;
Sheldon, R. A. Org. Biomol. Chem. 2003, 1, 3232. (b) Van Humbeck, J.
F.; Simonovich, S. P.; Knowles, R. R;; Macmillan, D. W. C. J. Am.
Chem. Soc. 2010, 132, 10012. (c) Tebben, L.; Studer, A. Angew. Chem.,,
Int. Ed. 2011, 50, 5034.

(15) For some examples of a similar oxyamination product, see:
(a) Xie, Y.-X; Song, R.-J; Liu, Y,; Liu, Y.-Y,; Xiang, J.-N.; Li, J.-H. Adv.
Synth. Catal. 2013, 35S, 3387. (b) Liu, H.; Feng, W.; Kee, C. W.; Zhao,
Y.; Leow, D.; Pan, Y.; Tan, C.-H. Green Chem. 2010, 12, 953.

(16) (a) Sridharan, V.; Menéndez, J. C. Chem. Rev. 2010, 110, 380S.
(b) Nair, V.; Deepthi, A. Chem. Rev. 2007, 107, 1862.

(17) (a) Jiao, J.; Nguyen, L. X;; Patternson, D. R.; Flowers, R. A, 1L
Org. Lett. 2007, 9, 1323. (b) Trahanovsky, W. S.; Robbins, M. D. J.
Am. Chem. Soc. 1971, 93, 5256. (c) Wang, T; Jiao, N. J. Am. Chem. Soc.
2013, 135, 11692.

(18) Zhou, W.; Zhang, L.; Jiao, N. Angew. Chem., Int. Ed. 2009, 48,
7094.

(19) (a) Huang, W.-W.; Huda, H.-R;; Thomas, T. T. J. Am. Chem.
Soc. 1999, 121, 3939. (b) Lucarini, M.; Marchesi, E.; Pedulli, G. F. J.
Org. Chem. 1998, 63, 1687. (c) Hunter, D. H; Barton, D. H. R;
Motherwell, W. J. Tetrahedron Lett. 1984, 25, 603.

(20) Mecinovic, J.; Hamed, R. B.; Schofield, C. J. Angew. Chem.,, Int.
Ed. 2009, 48, 2796.

dx.doi.org/10.1021/0l5014476 | Org. Lett. 2014, 16, 3388—3391



