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ABSTRACT: An electron-withdrawing-group-generable radical-in- N,

duced enamination of vinyl azides is reported, which results in a R/\ >
variety of f-functionalized N-unprotected enamines in a stereoselective
manner. A plausible mechanism involving an unusual 1,3-H transfer of
in situ generated iminyl radical intermediate was proposed on the basis

of experimental results and DFT calculations.

Vinyl azides are a class of structurally unique and synthetically
useful functionalized alkenes," which were first reported as
early as 1910.” In the past decade, the renaissance of vinyl azide
chemistry has been witnessed, as proven by the enormous novel
transformations reported in the literature,” which may be owing
to the great impetus given by transition-metal catalysis* as well as
the latest development of practical preparation protocols.” The
numerous transformations of vinyl azides provide reliable
synthetic approaches to diverse, structurally distinct molecular
frameworks, typically including hetero/carbocycles,” amides,’
ketones,® and 2H-azirines,” etc. In the present work, we focus on
establishing the relationship between vinyl azides and enamines.
N-Unprotected enamines are synthetically very useful, with
applications in the synthesis of heterocycles,'® chiral amines,""
and as drug structures in their own right.12 However, the
synthetic methods have been less developed, and moreover, the
available protocols usually suffer from disadvantages such as
limited substrate scope, tedious multistep operation, and/or
harsh conditions."? Consequently, a practical and efficient
synthetic method for N-unprotected enamines is in high demand.
Structurally, vinyl azides can be classified as N-diazoenamines,
and therefore extrusion of nitrogen molecule should be a rather
straightforward way to synthesize N-unprotected enamines.
However, such a methodology has not yet been established so far,
probably due to the sensitivity to hydrolysis. We envisage an
electron-withdrawing group (EWG)-generable radical-induced
enamination of vinyl azides could be feasible, in which an EWG is
introduced onto the terminal of vinyl azides by radical addition
and then stabilize the enamine product (Figure 12).%%"* We
eventually realize this goal using nitro, acyl, and sulfonyl
radicals,”” thereby providing a general approach to access a
variety of f-functionalized N-unprotected enamines (Figure 1b).
To our knowledge, this is the first example of the conversion of
vinyl azides into enamines."”
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Figure 1. Strategies for converting vinyl azides into f-functionalized N-
unprotected enamines.

Considering the strong electron-withdrawing property of the
nitro group,' the study was initialized with nitrification reaction.
After several trials, the optimal conditions were identified as
follows: a-tolyl vinyl azide 1a (0.5 mmol), AgNO, (1.0 mmol),
H,O (1.0 mmol), in 1,4-dioxane at 60 °C, with 81% yield of (Z)-
2-nitroenamine 2aa. Around the optimal conditions, the reaction
parameters were varied and some results are summarized in Table
1. Except for AgNO,,"” other nitro sources that have been
employed in nitrification reaction, including NaNO,, AgNO;,
Fe(NO;);9H,0, Cu(NO;),-3H,0, Bi(NO,;);-3H,0 and tert-
butyl nitrite,"® were found to be either totally ineffective or
produced the hydrolyzed product 2aa’ (entries 1-7).
Furthermore, the necessity of H,O was confirmed in a control
experiment (entry 8).

With the optimal conditions in hand, we set out to study the
scope of vinyl azides in nitrification. As shown in Scheme 1, the
substrate scope is quite broad, as a wide range of aryl, heteroaryl,
alkyl, and alkenyl vinyl azides were all suitable in this
transformation, thereby affording the desired S-nitroenamines
in high efficiency. For instance, the vinyl azides lab—1lao with
aromatic substituents, including aryl, fused aryl, and heteroaryl
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Table 1. Optimization of the Reaction Conditions”

N AgNO, (2 equiv) NH, o

1,4-dioxane, 60 °C, 3h
1a 2aa, 81% 2aa’, 0%
yield of 2aa yield of 2aa’
entry variation from standard conditions (%) (%)
1 NaNO,, instead of AgNO, 0 0
2 AgNO;, instead of AgNO, trace 30
3 Pb(NOs),, instead of AgNO, 0 60
4" Fe(NO;);9H,0, instead of AGNO, 0 82
5P Cu(NO,),-3H,0, instead of 0 40
AgNO,
6"  Bi(NO,);-3H,0, instead of AgNO, 0 75
7 tert-Butyl nitrite, instead of AgNO, 0 0
8 without H,O 0 trace

“Isolated product yield. “Without additional 2 equiv of H,O.

Scheme 1. Conversion of Vinyl Azides into -Nitroenamines
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groups, underwent smooth reaction with AgNO, to give the
products 2ab—2ao in 68—85% yields. Pleasingly, the steric and
electronic factors of aryl groups did not show significant influence
on reaction efficacy. The (Z)-configuration of the alkene was
unambiguously confirmed by X-ray diffraction analysis of 2ab.
Note that heteroaromatic substituents such as pyridyl,
pyrimidinyl, and thienyl could be smoothly incorporated onto
the nitroenamine products 2al—2ao by choosing the correspond-
ing vinyl azide reactant. Similarly, application of this reaction to a-
alkyl vinyl azides revealed high reaction efficiency and excellent
functional group tolerance. For example, simple a-alkyl-vinyl
azides resulted in the desired products 2ba—2bc in high yields.
Moreover, the functionality such as hydroxyl, carboxyl, thioether,
amide, and ester at the terminal of alkyl group was well tolerant,
thereby affording the functionalized f-nitroenamines 2bd—2bi in
63—85% yields. Moreover, the alicyclic such as cyclopropyl and
cyclohexyl groups was also compatible and led to the desired
products 2bj and 2bk in 72% and 82% yields. Further, the alkenyl
substituents such as cyclohexenyl and styryl were tolerant, with
the generation of a-alkenyl-$-nitroenamines 2bl and 2bm in 91%
and 82% yields.

Following this success with formal C—H nitrification/
enamination of vinyl azides, we turned our attention to the
reactivity of EWG-generable radicals beyond nitro radical. First,
we examined the reactivity of benzoyl radical which could be
generated from the decarboxylation of a-ketonic acids.'” Initially,
with silver catalysis we were able to isolate an enaminone product
3ain the reaction of 1a with benzoylformic acid, but the yield was
very low. Fortunately, use of Cul as the catalyst was capable of
efficiently catalyzing the conversion of vinyl azides into
enaminones (Scheme 2). The reaction scope was broad, as a

Scheme 2. Variation of Radicals”
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“Reaction conditions (A): 1 (0.50 mmol), ArCOCO,H (0.6 mmol),
H,0 (1.0 mmol), CH;CN (2 mL), Cul (10 mol %) at 70 °C for 4—5
h under air. Reaction conditions (B): 1 (0.50 mmol), TsNa (1.0
mmol), H,0 (1.0 mmol), AgNO; (20 mol %), NMP (2 mL), at 60 °C
for 24 h under O,. Isolated product yields.

variety of vinyl azides could be applied in the reaction with a-
ketonic acids to give products 3a—3t stereoselectively in 60—87%
yields. Further, this C—H functionalization/enamination strategy
of vinyl azides was successfully extended to sulfonyl radical, which
allowed for the synthesis of f-sulfonyl enamines 4a—4f in good
product yields and also in a stereoselective manner.”” As a result, a
general transformation of vinyl azides into diverse f-function-
alized N-unprotected enamines was established. The stereo-
chemistry may stem from the intramolecular hydrogen bonding
effect between the amino group and the oxygen of the electron-
deficient functions. Note that the majority of these N-
unprotected enamines in Schemes 1 and 2 are novel compounds
which could prove useful as intermediates in organic and
medicinal chemistry research.

To evaluate the scalability of the methodology, we further
transformed the S-functionalized primary enamines to many
bioactive molecules as useful building blocks according to the
literatures (Scheme 3). For example, hydrolysis of the resulting /-
functionalized primary enamines with dilute sulfuric acid could
furnish ketones in high yields (b, Sh). Furthermore, 2H-azirine
5a was obtained in middle yield with PhIO in trifluoroethanol.”!
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Scheme 3. Further Transformations of #-Functionalized
Enamines®”
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“Reaction conditions: (a) stir in CH,Cl, with dilute sulfuric acid at
room temperature for 3 h; (b) PhIO (2.0 mmol) in TFE (5 mL)
stirred at room temperature for 15 min, then substrate (1 mmol in 5
mL of TFE) was added dropwise; (c) substrate (0.5 mmol), NBS
(1.65 mmol), DCE (3 mL), at rt for 12 h; (d) substrate (0.5 mmol),
NH,OH-HCI (1.0 mmol) in CH;CN at 100 °C; (e) substrate (0.5
mmol), PANHNH, (1.0 mmol) in CH;CN at 100 °C (f) substrate
(0.5 mmol), m-CPBA (1.0 mmol) in CH,Cl, for 12 h. ®Isolated yields.

Morever, polybrominated imines 5S¢ and 5f were also synthesized
by treating with NBS,”* and the structure of $f was confirmed by
crystallography analysis (see the Supporting Information), a-
ester ketone Sg was directly prepared by the treatment with m-
CPBA. Finally, f-acyl primary enamines with hydroxylamine
hydrochloride and phenylhydrazine hydrate gave the isoxazole
(5d) and pyrrole products (Se) in high yield.

To gain insight into the reaction mechanism, TEMPO, a
radical scavenger,”* was added into the reaction of vinyl azide 1a
with AgNO,; unexpectedly, a TEMPO coupled compound 6 was
isolated as the sole product,* with the structure confirmation by
X-ray diffraction analysis (eq 1). This result clearly demonstrated

NH j3
NO )
N:  TEMPO (1.2 equiv) Tol)H/ 2 !
/K\ —_— 0. L ¥ee ™
Tol AgNO, (1.5 equiv) N ) o
N - c

DCE, 60 °C, 40 min v

1a 6

X-ray structure (6)

a-imine radical intermediate was involved in the reaction process,
and its generation probably proceeds by an unusual 1,3-H transfer

from iminyl radical,”® by comparison with precedent radical
reactions of vinyl azides."*

On the ba51s of above experimental result and related
precedents,”®'* a plausible reaction mechanism was proposed
and rationalized by DFT calculations at M06/6-311++G(d,p)
(SDD for Ag) level. As depicted in Scheme 4, following the
decomposition of AgNO, to release nitro radical (-NO,) and
Ag(0),"” the attack of -NO, radical to the terminal carbon of vinyl
azide la occurs, leading to intermediate A. The energy barrier
(Ey) and reaction energy (RE) for such attack are 6.5 (TS1) and
—4.0 (A) kecal/mol, respectively. The singly occupied molecular
orbital (SOMO, i.e., the radical orbital) of A is a 7 orbital, which
delocalizes on whole molecule with non-ignorable distribution
on azido group and may influence its N—N bonding.
Subsequently, the iminyl radical B is formed by releasing N,
from A, with a low E,, of 6.8 kcal/mol (TS2) and a large RE of
—40.5 kcal/mol. The SOMO of B is a ¢ orbital and distributes
largely on iminyl N atom, which may be responsible for the
experimentally verified unusual 1,3-H transfer. Such a transfer is
generally considered as an unfavorable process, so we designed
three possible pathways for explaining the transfer mechanlsm,
including the direct transfer and one or two H,0-aided transfer.”’”
We are pleased to find such a transfer process is possible with two
H,O assistance by two steps: first, H atom is transferred to the O-
atom of nitro group (B—2H,0 — TS3 — IM1) with E;, of 25.4
keal/mol, and further transferred to iminyl N-center (IM1 — TS4
— C) with E; of 10.4 kcal/mol. The SOMO of C is a 7 orbital and
mainly distributed on -C and imine N-atoms. Therefore, both j-
C and imine N can be the valid sites for eliminating the radical.
According to our calculations, TEMPO captures the C through f-
C-site because the formation of product 6 (eq 1) is
thermodynamically favorable (exergonic by —20.2 kcal/mol).
In contrast, if TEMPO captures C through imine N-site, the
formatlon of coupling product is slightly endergonic (0.5 keal/
mol) Even though C is only 0.8 kcal/mol lower in energy than
B, it can bind hydrate of elemental silver (Ag(0)-H,0), which not
only eliminates the radical on C, but also releases energy by 49.6
kcal/mol. Such a large binding energy will strongly promote the
reaction forward. The resulted C—Ag—H,0 complex can be
easily converted to 2a by the transfer of an H atom from water to
iminyl N-site through TSS (E}, = 6.9 kcal/mol) and the formation
of AgOH precipitation. Obviously, H,O acts as H-shuttle and
plays a crucial role in the reaction.

In summary, the first synthetically useful conversion of vinyl
azides into enamines is reported by an electron-withdrawing

Scheme 4. Proposed Mechanism
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group-stabilizing strategy. A variety of f-functionalized N-
unprotected enamines, including S-nitro, acyl, and sulfonyl, can
be prepared by this approach in a stereoselective manner, thus
providing a general route to access this kind of functionalized
alkenes. An unusual 1,3-H transfer was disclosed on the basis of
experimental results and DFT calculations. This strategy
represents an appealing means to achieve N-unprotected
enamine synthesis; extension to other radical species is under
way, and will be reported in due course.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.7b03204.

Experimental procedures and spectra copies (PDF)

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: wyb@sxu.edu.cn.
*E-mail: bixhS07@nenu.edu.cn.

ORCID

Xihe Bi: 0000-0002-6694-6742

Author Contributions

Iy N. and X.-F.Z. contributed equally to this work.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

X.B. thanks NSFC (21522202, 21502017) and Y.W. thanks
NSFC (21273140) and the OIT program of Shanxi for support.

B REFERENCES

(1) Banert, K. In Organic Azides: Syntheses and Applications; Banert, S.,
Ed.; John Wiley & Sons Ltd: Chichester, 2010.

(2) Forster, M. O.; Newman, S. H. J. Chem. Soc.,, Trans. 1910, 97, 2570.

(3) (2) Hu, B.; DiMagno, S. G. Org. Biomol. Chem. 2015, 13, 3844.
(b) Ni, H.; Zhang, G.; Yu, Y. Curr. Org. Chem. 2018, 19,776. (c) Chiba, S.
Synlett 2012, 23, 21. (d) Jung, N.; Brise, S. Angew. Chem., Int. Ed. 2012,
51, 12169.

(4) (a) Bates, R. Organic Synthesis Using Transition Metals, 2nd ed.; John
Wiley & Sons: Chichester, 2012. (b) Tsuji, J. Transition Metal Reagents
and Catalysts—Innovations in Organic Synthesis; John Wiley and Sons:
Chichester, 2000.

(5) For the synthesis from alkenes, see: (a) Hassner, A.; Kropp, J. E.;
Kent, G.J. J. Org. Chem. 1969, 34, 2628 and references cited therein. For
the latest synthesis from alkynes, see: (b) Liu, Z.; Liu, ].; Zhang, L.; Liao,
P.; Song, J.; Bi, X. Angew. Chem., Int. Ed. 2014, 53, 5305. (c) Liu, Z.; Liao,
P.; Bi, X. Org. Lett. 2014, 16, 3668.

(6) (a) Lopez, E.; Lopez, L. Angew. Chem.,, Int. Ed. 2017, 56, S121.
(b) Shu, W.; Lorente, A.; Gémez-Bengoa, E.; Nevado, C. Nat. Commun.
2017, 8, 13832. (c) Wang, Y.-F.; Toh, K. K; Ng, E. P.].; Chiba, S. J. Am.
Chem. Soc. 2011, 133, 6411. (d) Wang, Y.-F.; Chiba, S. J. Am. Chem. Soc.
2009, 131, 12570. (e) Wang, Y.-F.; Toh, K. K; Lee, J.-Y,; Chiba, S.
Angew. Chem., Int. Ed. 2011, 50, 5927.

(7) (a) Qin, C; Feng, P.; Ou, Y,; Shen, T.; Wang, T.; Jiao, N. Angew.
Chem.,, Int. Ed. 2013, 52, 7850. (b) Zhang, F.-L.; Wang, Y.-F.; Lonca, G.
H.; Zhu, X.; Chiba, S. Angew. Chem., Int. Ed. 2014, 53, 4390. (c) Zhang,
Z.; Kumar, R. K; Li, G.; Wy, D.; Bi, X. Org. Lett. 20185, 17, 6190. (d) Lin,
C.; Shen, Y,; Huang, B.; Liu, Y.; Cui, S. J. Org. Chem. 2017, 82, 3950.

(8) (a) Wang, Y.-F.; Lonca, G. H.; Chiba, S. Angew. Chem., Int. Ed. 2014,
53,1067. (b) Wu, S.-W.; Liu, F. Org. Lett. 2016, 18, 3642. (c) Qin, H.-T.;
Wu, S.-W,; Liy, J.-L.; Liu, F. Chem. Commun. 2017, 53, 1696. (d) Chen,

W.; Liu, X.; Chen, E.; Chen, B.; Shao, J.; Yu, Y. Org. Chem. Front. 2017, 4,
1162.

(9) (a) Xu, H.-D.; Zhou, H.; Pan, Y.-P,; Ren, X.-T.; Wu, H.; Han, M,;
Han, R-Z; Shen, M.-H. Angew. Chem, Int. Ed. 2016, SS, 2540.
(b) Farney, E. P.; Yoon, T. P. Angew. Chem.,, Int. Ed. 2014, 53, 793.

(10) (a) Gao, P.; Wang, J.; Bai, Z.-]; Shen, L,; Yan, Y.-Y,; Yang, D.-S,;
Fan, M.-Z.; Guan, Z.-H. Org. Lett. 2016, 18, 6074. (b) Sun, X; Lyu, Y,;
Zhang-Negrerie, D.; Du, Y.; Zhao, K. Org. Lett. 2013, 1S, 6222. (c) Liu,
X.; Cheng, R,; Zhao, F.; Zhang-Negrerie, D.; Du, Y.; Zhao, K. Org. Lett.
2012, 14, 5480.

(11) (a) Zhou, M,; Xue, Z.; Cao, M; Dong, X.-Q.; Zhang, X. Org.
Biomol. Chem. 2016, 14, 4582. (b) Hsiao, Y.; Rivera, N. R;; Rosner, T;
Krska, S. W.; Njolito, E.; Wang, F.; Sun, Y.; Armstrong, J. D., III;
Grabowski, E. J.J.; Tillyer, R. D.; Spindler, F.; Malan, C. J. Am. Chem. Soc.
2004, 126, 9918.

(12) Stanovnik, B.; Svete, J. Chem. Rev. 2004, 104, 2433.

(13) Rabet, P. T. G; Boyd, S.; Greaney, M. F. Angew. Chem.,, Int. Ed.
2017, 56, 4183 and reference cited therein.

(14) For examples of radical addition to vinyl azides, see: (a) Sun, X;
Yu, S. Chem. Commun. 2016, 52, 10898. (b) Mackay, E. G.; Armido, S.
Chem. - Eur. ]. 2016, 22, 13455. (c) Liu, K; Chen, S.; Li, X; Liu, P. J. Org.
Chem. 2016, 81, 265. (d) Chen, B.; Guo, S.; Guo, X;; Zhang, G.; Yu, Y.
Org. Lett. 2015, 17, 4698. (e) Montevecchi, P. C.; Navacchia, M. L;
Spagnolo, P. J. Org. Chem. 1997, 62, 5846.

(15) Tang, S.; Liu, K; Liu, C.; Lei, A. Chem. Soc. Rev. 2015, 44, 1070.

(16) Ono, N. The Nitro Group in Organic Synthesis; Wiley-VCH:
Weinheim, 2001.

(17) For selected examples on the use of AgNO, in nitration reactions,
see: (a) Pawar, G. G.; Brahmanandan, A.; Kapur, M. Org. Lett. 2016, 18,
448. (b) Yuan, B.; Zhang, F.; Li, Z,; Yang, S.; Yan, R. Org. Lett. 2016, 18,
5928. (c) Wu, D; Zhang, J.; Cui, J.; Zhang, W.; Liu, Y. Chem. Commun.
2014, 50, 10857. (d) Xue, C.; Fu, C; Ma, S. Chem. Commun. 2014, 50,
15333. (e) Maity, S.; Manna, S.; Rana, S.; Naveen, T.; Mallick, A.; Maiti,
D. J. Am. Chem. Soc. 2013, 135, 3355.

(18) (a) NaNO,: Zhao, A; Jiang, Q;; Jia, J.; Xu, B.; Liu, Y.; Zhang, M.;
Liu, Q;; Luo, W.; Guo, C. Tetrahedron Lett. 2016, 57, 80. (b) AgNO;:
Zhang, L.; Liu, Z.; Li, H,; Fang, G.; Barry, B.-D.; Barry, T. A,; Bi, X,; Liu,
Q. Org. Lett. 2011, 13,6536. (c) Fe(NO,);-9H,0: Naveen, T.; Maity, S.;
Sharma, U.; Maiti, D. J. Org. Chem. 2013, 78, 5949. (d) Cu(NOs;),
3H,0: Fan, Z; Nj, J.; Zhang, A. J. Am. Chem. Soc. 2016, 138, 8470.
(e) Manna, S.; Maity, S.; Rana, S.; Agasti, S.; Maiti, D. Org. Lett. 2012, 14,
1736. (f) Dutta, U,; Lupton, D. W.; Maiti, D. Org. Lett. 2016, 18, 860.

(19) (a) Huang, H.; Zhang, G.; Chen, Y. Angew. Chem,, Int. Ed. 2015,
54,7872.(b) Tan, H.; Li, H.; Ji, W.; Wang, L. Angew. Chem., Int. Ed. 2015,
54, 8374.

(20) Tang, X; Huang, L.; Xu, Y.; Yang, J.; Wu, W,; Jiang, H. Angew.
Chem., Int. Ed. 2014, 53, 4205.

(21) Sun, X; Lyu, Y.; Zhang-Negrerie, D.; Du, Y.; Zhao, K. Org. Lett.
2013, 15, 6222.

(22) N-Brominated imines are rarely reported, see: Bohnen, C.; Bolm,
C. Org. Lett. 2015, 17, 3011.

(23) Zhu, Z.; Tang, X; Li, J.; Li, X.; Wu, W.; Deng, G.; Jiang, H. Chem.
Commun. 2017, 53, 3228.

(24) Hartmann, M.; Li, Y.; Studer, A. J. Am. Chem. Soc. 2012, 134,
16516.

(25) Gao, B.; Zhao, Y.; Hu, J. Angew. Chem,, Int. Ed. 2018, 54, 638.

(26) For proposal on 1,3-H transfer in a reaction, see: (a) Ke, J.; Tang,
Y,; Yi, H; Li, Y.,; Cheng, Y,; Liu, C.; Lei, A. Angew. Chem,, Int. Ed. 2018,
54, 6604. (b) Yang, H.-B.; Selander, N. Chem. - Eur. ]. 2017, 23, 1779.
(c) Ran, L; Ren, Z.-H.; Wang, Y.-Y.; Guan, Z.-H. Green Chem. 2014, 16,
112.

(27) For a mechanism proposal by a water-aided process, see:
(a) Liang, Y.; Zhou, H; Yu, Z.-X. ]. Am. Chem. Soc. 2009, 131, 17783.
(b) Shi, F.-Q,; Li, X;; X, Y.; Zhang, L.; Yu, Z.-X. J. Am. Chem. Soc. 2007,
129,15503. () Xiao, P.; Yuan, H,; Liu, J.; Zheng, Y.; Bi, X.; Zhang, J. ACS
Catal. 2015, $, 6177.

(28) For the details, please see the Supporting Information.

DOI: 10.1021/acs.orglett.7b03204
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b03204
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b03204/suppl_file/ol7b03204_si_001.pdf
mailto:wyb@sxu.edu.cn
mailto:bixh507@nenu.edu.cn
http://orcid.org/0000-0002-6694-6742
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b03204/suppl_file/ol7b03204_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.7b03204

