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ABSTRACT: A new approach to direct intermolecular
allylic amination has been developed using metal-free
conditions at room temperature. The reaction employs a
hypervalent iodine(III) reagent as an oxidant and
bistosylimide as a nitrogen source. A series of different
allylic aminations are presented with up to a 99% yield.
Mechanistic studies including isotope labeling and
Hammett correlation suggest that depending on the
substrate structure two different mechanisms can be
operating.

llylic amines represent versatile building blocks for the

synthesis of organic molecules of higher complexity.
Direct allylic amination reactions functionalizing C—H bonds
constitute an attractive single-step approach to this compound
class. Such C—H activation processes traditionally require the
use of metal promoters.”” Reactions of this type have been
developed using the powerful methodology of metal catalyzed
nitrenoid insertion into allylic C—H bonds,®> metal catalyzed
C—H activation followed by nucleophilic additions of anionic
nitrogen sources,” or application of aza-Wacker reactions.” Both
intra- and intermolecular reaction pathways have become
available for these elegant metal-mediated allylic amination
reactions.

With the introduction of a selenium reagent, an early
exception was described by Sharpless.® In addition, other metal-
free amination processes involving formal C—H activation have
recently evolved as an attractive synthetic alternative to metal-
mediated reactions.” These reactions proceed under mild
conditions, are safe to handle, and do not pose major toxicity
problems. In particular, hypervalent iodine(III) reagents8 have
enabled the development of unique amination reactions such
as carbazole synthesis”'® and direct aromatic and benzylic
amination,""'? respectively.

We have recently introduced the mixed hypervalent iodine
reagent PhI(OAc)NTs, (1) and described its use in unpre-
cedented intermolecular diamination reactions (Scheme 1, left
pathway).">'* We herein describe a new metal-free allylic

Scheme 1. Alkene Oxidation with 1: Diversification
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amination employing a hypervalent iodine(III) reagent that falls
into this category (right pathway).

A study on the oxidation of a-methyl styrene 2a with
iodosobenzene diacetate and bistosylimide did not undergo the
expected diamination, but gave rise to an unexpected oxidation
product, which was identified as the allylic amination product
3a. Optimization of the reaction was straightforward and
provided conditions that enable the selective oxidation of 2a to
3a in high yield (Table 1). Coinciding with an earlier

Table 1. Discovery and Optimization of Metal-Free Allylic
Amination

AcO—I—NTs;
conditions ey
@A\ CH,Cl, 20h @JTHT% ©
2a 3a 1
entry conditions yield [%]“

1 Phl(OAc), (1.2 equiv), HNTs, (2.4 equiv), 25 °C 45
2 1 (1.1 equiv), 25 °C 50
3 1 (1.1 equiv), HNTs, (0.2 equiv), 25 °C 54
4 1 (1.1 equiv), HNTs, (1.2 equiv), 25 °C 62
S 1 (1.4 equiv), HNTs, (1.5 equiv), 25 °C 87

“Isolated yield after purification.

observation,"® dichloromethane represents the best solvent
for oxidation with 1 and reactions proceed readily at room
temperature. Most importantly, use of the preformed reagent 1
alone was not sufficient (entry 2). Addition of a catalytic
amount of additional imide showed an effect (entry 3), and an
equimolar combination of 1 and bistosylimide significantly
enhanced the yield (entry 4). Finally, in the presence of 1.4
equiv of oxidant 1 complete conversion took place leading to
an isolated yield of 87% for 3a (entry S). The reaction is very
robust and was routinely conducted on a 5-mmol scale. It adds
to the recent development of metal-free amination reactions of
C—H bonds.”™"

Under the optimized conditions a series of different a-methyl
styrenes 2 were submitted to provide the corresponding allylic
amination products 3 in good to excellent yields. These
reactions proceed readily at room temperature, and quantitative
conversion is obtained in less than 24 h. Common substituents
are all tolerated by the procedure. Different substitution
patterns include para-substitution (Table 2, entries 2—8),
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Table 2. Metal-Free Allylic Amination of @-Methyl Styrenes
/J\ PI(OAC)NTS,) 1 (1.4 eq),
Ar

HNTs, (1.5 eq), Ar
2 CH,Cl,, 25°C 3 NTs,
Reaction  vyield
Enti
ry Alkene Product Timeln] [
87
NTs,
2a 3a
R/©/g R/©)S“TSZ
2 2b: R=NO; 3b 20 70
3 2c. R=CF3 3c 20 43
4 2d:R=Cl 3d 20 67
5 2e:R=F 3e 20 61
6 2f. R=Me 3f 6 79
7 2g:R=1Bu 39 6 80
8 2h: R =OMe 3h 0.25 32
: Q—(—NTSZ
R R
9 2i: R=Me 3i 1 75
10 2j. R=Br 3j 20 81

2 3k VTs2

“Isolated yield after purification.

meta-substitution (entries 9,10), and a naphthyl derivative
(entry 11). Attempts to carry out the corresponding allylic
amination of 2-bromo a-methyl styrene led to less than 10%
conversion over a period of 48 h. Electron-donating
substituents were found to proceed at a higher rate, and in
the case of 4-methoxy a-methyl styrene, complete conversion
was obtained after 15 min. Unfortunately, product 3h was
found to be rather unstable leading to significant degradation
during isolation and purification, which resulted in a low
isolated yield (entry 8). In all other cases, the obtained products
3 are stable compounds, which due to the bissulfonimide group
display high crystallinity.

For related iodine(IIl)-mediated C—H amination reactions,
radical pathways were postulated.” "> In our case, a control
experiment showed that the presence of N-tert-butyl-a-
phenylnitrone, a radical trap compatible with iodine(III)
reagents,9 does not affect the conversion of 2a to 3a.'® Another
experiment with selectively deuterated 2a-d; gave rise to the
corresponding bisdeuterated product 3a-d, (Figure 1). The

GO PhI(OACKNTSs,) 1 (1.4 eq), CD;
: A HNTSs; (1.5 eq), @/‘\
NT:
2a-ds CH,Cl, 25°C, 20h i %
l (oxidation) T elimination
rh
DsC I—OAc DG 1—x
%G R
NTs, © (X =NTe) *

Figure 1. Mechanistic proposal.

observation of a selectively deuterated product excludes a
potential radical abstraction mechanism. Instead, the present
allylic oxidation of compounds 2 proceeds under double bond
isomerization. We postulate a mechanism that starts with the
formation of a iodo(Ill)cyclopropane A'*®'¢ followed by
regioselective opening at the more accessible terminal
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methylene position. Protonolysis of the iodine-acetate bond
in B from free bistosylimide generates an intermediate C with
pronounced electrophilicity at iodine. At this stage, the
presence of the tertiary carbon center prevents diamination
through nucleophilic substitution. Instead, subsequent elimi-
nation gives rise to the final product 3a-d, with correct
deuterium labeling (Figure 1). Making use of deuterium
labeling, two competition experiments were employed to
further elucidate the mechanistic context (Scheme 2). First, a

Scheme 2. Competition Experiments

PhI{OAC)NTSs,
CH, cp, HNTs @)LCH ©J‘co,
+
CHyChy, t NTsz NTsz
2a (5 eq) 2a-d; (98%-D) 3ad;
(5eq) Kk = 1
CH3 CO;  PhI{OAC)NTs;
@,g ©/§ HNTs; ©)J\ ©)H
+
CHCly, 1t L Gl
2a(5eq) 2a-d; (95%-D)
{5eq) Kikp = 5

1:1 mixture of a-methyl styrene 2a and its terminally
bisdeuterated derivative 2a-d, were submitted to allylic
amination. No secondary kinetic isotope effect was observed
indicating that alkene coordination to the iodine reagent is
rather fast and probably of a reversible nature. In contrast, for
competition between 2a and its deuterated methyl derivative
2a-d; a strong primary isotope effect ky/kp = S was observed,
which is in agreement mth expected values for a rate-
determining elimination step,'” and with the estabhshed leaving
group character of the electrophilic iodine(IlI)." Such a
postulated mechamsm is in further agreement with a Hammett
correlation study'> employing a-methyl styrenes 2a,d—g, which
shows a moderate p-value of —1.5 and hence demonstrates
enhanced reactivity for electron-rich arenes over the ones
bearing electron-demanding substltuents 1n the formation of
the cationic intermediate arising from C."

In addition to a-methyl styrenes the new allylic amination
reaction proceeds readily with a series of other alkenes 4a—k as
well (Table 3). For example, cyclohexane 4a gives rise to the
selective formation of the corresponding allylic amine Sa (entry 1).
Exocyclic alkenes 4b and 4c undergo selective allylic amination
to the corresponding products Sb,c, the latter one with an
exceptional rate (entries 2,3). The migration of the double
bond into the ring is in agreement with the mechanistic
proposal from Figure 1. For substrate 4d, the existence of two
different allylic C—H groups for elimination results in the
formation of regioisomers Sd/Sf and Sd' in a 3:2 ratio
suggesting a preference for the benzylic position and therefore
for products 5d/5f with its conjugated double bond (entry 4).
Related product mixtures of up to 3:1 were observed for gem-
disubstituted alkenes 4e—g (entries S—7) demonstrating the
requirement for regioselective opening of the initial iodocyclo-
propane. Even a tert-butyl-substituted alkene 4h underwent
clean amination (entry 8), although at a reduced rate due to
steric congestion. As the only exception to the broad substrate
scope so far, 2-methyl-2-hexene did only react at a low rate to
give two isomeric allylic amides in an ~10% yield."> Gratifyingly,
for substrate 4i, an exclusive preference for allylic amination over
the potential formation of a propargylic amine was observed and
amine 5i was the only obtained oxidation product (entry 9). The
trisubstituted styrene 4j led exclusively to allylic amination

dx.doi.org/10.1021/ja3013193 | J. Am. Chem. Soc. 2012, 134, 72427245



Journal of the American Chemical Society

Communication

Table 3. Metal-Free Allylic Amination: Substrate Scope

R" PhI(OAC)NTSs;) 1 (1.4 eq), R"
' HNTs; (1.5 eq), d
I 2 (1.5 eq) R R
4 CH,Cl, 25 °C, 20h 5 NTs,
Entry Alkene Product Yield [%6]®
g0 Q.
INT:
4a 5a =
. T g .
4b 5b
Cod -
4c 5c
NTs,
AL,
COY SR e
4d
5d'
/\/J\ s i
58 J:( + 36°¢
de Se Se'
@/\* NTs2 NTs,
6° 5804
af 5f 4
5f'
NTs; NTs;
I D S s G
4g Sg 5¢'
g
% j\n/\msz 2%
4h 5h
NTs,
] — = 67
Ll 5i
X NTss
5]
a =
l O
TsaN
1" l = O O =, O 71
4k 5k
1248 >=\_< >=\_<7NT32 a2
4
13 - )1( *31 (60)"
4

“Isolated yield after purification. ”S min reaction time. “Ratio 5d/Sf =
1/2 ratio Se/Se’ = 2/1; ratio S5f/Sf = 1/1; ratio Sg/Sg’ = 3/1.

4Combined yield of isomers. “14 h reactlon time. /10 h reaction time.
£3 equiv of alkene, 12 h reaction time. "Yield from crude reaction
mixture in brackets.

product $j. This outcome is particularly interesting in view of
the earlier observation of selective diamination for the related
case of f-methyl styrene.'> Methylated stilbene 4k under-
went allylic amination as well. Here, the reaction gives rise to
selective allylic amination in 77% yield, but proceeds with
formation of two isomeric double bonds of the final stilbene Sk
[(Z)/(E) = 1/2.5] (entry 11). 1,3-Diene 41 undergoes rapid
allylic amination. In order to achieve monoamination to 5, an
excess of the substrate was employed and the expected product
was isolated in 92% yield (entry 12). Using a 1:3 ratio of 5 and
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oxidant 1, bisaminated product Sm was obtained as the only
product in 60% yield according to the '"H NMR spectrum of
the crude reaction mixture. This observation suggests that the
second allylic amination on Sl is faster than the initial one with
41. Purification of product Sm was found to be difficult due to
instability; however, a reasonable yield of 31% could be isolated
(entry 13).

The latter examples show that, under certain conditions,
allylic amination proceeds without double bond migration. For
product §j, structural assignment was further assured through
an X-ray crystallographic analysis.'> The operating mechanism
for this reaction is suggested to start from an interaction
between the iodine(III) reagent 1 and the alkene in 4j (Figure 2).

PhI{OAC)(NTs;) 1 (1.4 eq),

A\/ U HNTs; (1.5 eq), m'\\\r”‘ NTs,
\/ 4 CH,Cl, 25°C, 20h g 5
1 l (oxidation) '["]/ Opre, T
[llill [“II] @
elimination - 0
E F

Figure 2. Mechanistic proposal for amination of 4f.

For the resulting intermediate D, nucleophilic ring opening
would require Sy2 reactions at a neopentylic or a quaternary
position, respectively. As a consequence, elimination to E is
believed to take place at this stage followed by either direct Sy2’
reaction or via an allylic cationic intermediate F to give the
thermodynamic product §j.

These latter results prove that reactions without double bond
migration are equally feasible under the conditions of this new
metal-free allylic amination. Hence, depending on the substrate
structure, the reaction provides remarkable mechanistic flexibility.

To demonstrate the successful posterior manipulation of the
sulfonyl groups at nitrogen, product 3a was submitted to
deprotection with Red-Al in toluene. Clean removal of one
tosyl group to monosulfonylated 6 was observed, and upon
methylation under standard conditions, quantitative formation
of 7 was obtained (Scheme 3). This compound has been
reported as a precursor to several potent herbicides.*

©)}\NMeTs

7 (99%)

Scheme 3. Deprotection sequence

@Jﬁm @*NHTS
3

6 (89%)

In summary, we have described conditions for new metal-free
direct allylic amination reactions. The reaction is operationally
simple using only the defined hypervalent iodine(III) 1 as a
reagent and bistosylimide as a nitrogen source. It proceeds
under mild conditions, and a range of substituents and
functional groups are tolerated. Two mechanistically different
pathways have been identified to operate within this new
transformation, enabling an attractive allylic amination of a
series of substrates.

Red-Al NaH, Mel

toluene,

45°C 45°C
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analysis of §j. This material is available free of charge via the
Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

kmuniz@iciq.es

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the ICIQ Foundation and by the
Spanish Ministerio de Economia y Competitividad (CTQ2011-
25027).

B REFERENCES

(1) Johannsen, M.; Jorgensen, K. A. Chem. Rev. 1998, 98, 1689.

(2) For selected reviews, see: (a) Ramirez, T. A.; Zhao, B.; Shi, Y.
Chem. Soc. Rev. 2012, 41, 931. (b) Collet, F.; Lescot, C.; Dauban, P.
Chem. Soc. Rev. 2011, 40, 1926. (c) Zalatan, D. N.; Du Bois, J. Top.
Curr. Chem. 2010, 292, 347. (d) Collet, F.; Dodd, R. H.; Dauban, P.
Chem. Commun. 2009, 5061.

(3) Selected examples: (a) Nigeli, I; Baud, C.; Bernardinelli, G.;
Jacquier, Y.; Moran, M.; Miiller, P. Helv. Chim. Acta 1997, 80, 1087.
(b) Zalatan, D. N.; DuBois, J. J. Am. Chem. Soc. 2008, 130, 9220.
(c) Liang, C.; Robert-Peillard, F.; Fruit, C.; Miiller, P.; Dodd, R. H;
Dauban, P. Angew. Chem, Int. Ed. 2006, 4S, 4641. (d) Liang, C;
Collet, F.; Robert-Peillard, F.; Miiller, P.; Dodd, R. H.; Dauban, P. J.
Am. Chem. Soc. 2008, 130, 343. (e) Milczek, E.; Boudet, N.; Blakey, S.
Angew. Chem. Int. Ed. 2008, 47, 6825. (f) Lebel, H; Huard, K;
Lectard, S. J. Am. Chem. Soc. 2005, 127, 14198. (g) Lu, H,; Tao, J;
Jones, J. E.; Wojtas, L; Zhang, X. P. Org. Lett. 2010, 12, 1248.
(h) Reddy, R. P.; Davies, H. M. L. Org. Lett. 2006, 8, 5013. (i) Omura,
K.; Murakami, M.; Uchida, T.; Irie, R.; Katsuki, T. Chem. Lett. 2003,
354.

(4) Selected examples: (a) Fraunhoffer, K. J.; White, M. C. J. Am.
Chem. Soc. 2007, 129, 7274. (b) Reed, S. A.; White, M. C. J. Am. Chem.
Soc. 2008, 130, 3316. (c) Liu, G; Yin, G.; Wy, L. Angew. Chem.,, Int. Ed.
2008, 47, 4733. (d) Reed, S. A,; Mazzotti, A. R,; White, M. C. J. Am.
Chem. Soc. 2009, 131, 11701. (e) Rice, G. T.; White, M. C. J. Am.
Chem. Soc. 2009, 131, 11707. (f) Wu, L; Qiu, S.; Liu, G. Org. Lett.
2009, 11, 2707. (g) Yin, G; Wu, Y.; Liu, G. J. Am. Chem. Soc. 2010,
132,11978. (h) Qi, X; Rice, G. T.; Lall, M. S.; Plummer, M. S.; White,
M. C. Tetrahedron 2010, 66, 4816. (i) Xiong, T.; Li, Y.; Mao, L,
Zhang, Q.; Zhang, Q. Chem. Commun. 2012, 48, 2246. (j) Paradine, S.
M.; White, M. C. J. Am. Chem. Soc. 2012, 134, 2036.

(S) Selected examples: (a) McDonald, R. I; Stahl, S. S. Angew. Chem.,,
Int. Ed. 2010, 49, 5529. (b) McDonald, R. L; White, P. B.; Weinstein,
A.B,; Tam, C. P,; Stahl, S. S. Org. Lett. 2011, 13, 2830. (c) Luzung, M.
R; Lewis, C. A; Baran, P. S. Angew. Chem.,, Int. Ed. 2009, 48, 7025.
(d) Rogers, M. M.; Wendlandt, J. E.; Guzei, I. A.; Stahl, S. S. Org. Lett.
2006, 8, 2257. (e) Trend, R. M.; Ramtohul, Y. K,; Ferreira, E. M,;
Stoltz, B. M. Angew. Chem.,, Int. Ed. 2003, 42, 2892. (f) van Benthem,
R. A. T. M,; Hiemstra, H,; Longarela, G. R,; Speckamp, W. N.
Tetrahedron Lett. 1994, 35, 9281. (g) Larock, R. C.; Hightower, T.R. J.
Org. Chem. 1993, 58, 5298.

(6) (a) Sharpless, K. B.; Hori, T.; Truesdale, L. K; Dietrich, C. O. J.
Am. Chem. Soc. 1976, 98, 269. (b) Bruncko, M.; Khuong, T. A. V,;
Sharpless, K. B. Angew. Chem., Int. Ed. Engl. 1996, 35, 454.

(7) For recent reports on organonitrenoid reagents: (a) Ochiai, M.;
Miyamoto, K; Kaneaki, T.; Hayashi, S.; Nakanishi, W. Science 2011,
332, 448. (b) Bettinger, H. F.; Filthaus, M.; Bornemann, H.; Oppel, L.
M. Angew. Chem., Int. Ed. 2008, 47, 4744.

(8) For reviews: (a) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2008,
108, 5299. (b) Zhdankin, V. V.; Stang, P. J. Chem. Rev. 2002, 102,
2523. (c) Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123.
(d) Dohi, T; Kita, Y. Chem. Commun. 2009, 2073. (e) Uyanik, M,;
Ishihara, K. Chem. Commun. 2009, 2086. (f) Ngatimin, M.; Lupton, D.

7245

W. Aust. ]. Chem. 2010, 63, 653. (g) Zhdankin, V. V. ARKIVOC 2009,
1, 1. (h) Hypervalent Iodine in Organic Chemistry: Chemical
Transformations; Moriarty, R. M., Prakash, O., Eds.; Wiley-
Interscience: New York, 2008. (i) Ciufolini, M. A,; Braun, N. A;
Canesi, S; Ousmer, M,; Chang, J; Chai, D. Synthesis 2007, 3759.
(j) Ochiai, M. Chem. Rec. 2007, 7, 12. (k) Topics in Current Chemistry;
Wirth, T., Ed.; Springer: Berlin, 2003; Vol. 224. (1) Koser, G. F. Top.
Curr. Chem. 2000, 208, 137.

(9) Antonchick, A. P.; Samanta, R.; Kulikov, K.; Lategahn, J. Angew.
Chem., Int. Ed. 2011, 50, 8605.

(10) Cho, S. H; Yoon, J.; Chang, S. J. Am. Chem. Soc. 2011, 133,
5996.

(11) (a) Kim, H. J.; Kim, J.; Cho, S. H.; Chang, S. J. Am. Chem. Soc.
2011, 133, 16382. (b) Samanta, R; Lategahn, J.; Antonchick, A. P.
Chem. Commun. 2012, 48, 3194.

(12) Kantak, A. A.; Potavathri, S.; Barham, R. A.; Romano, K. M,; de-
Boef, B. J. Am. Chem. Soc. 2011, 133, 19960.

(13) (a) Rdben, C; Souto, J. A,; Gonzalez, Y.; Lishchynskyi, A;
Muiiiz, K. Angew. Chem., Int. Ed. 2011, S0, 9478. (b) Souto, J. A;
Gonzalez, Y.; Iglesias, A.; Zian, D.; Lishchynskyi, A.; Muiiz, K
Chem.—Asian ]. 2012, DOIL: 10.1002/asia.201101025.

(14) Other iodine(IIl)-mediated alkene amination reactions:
Aziridination: (a) Yoshimura, A.; Nemykin, V. N.; Zhdankin, V. V.
Chem.—Eur. J. 2011, 17, 10538. (b) Richardson, R. D.; Desaize, M.;
Wirth, T. Chem.—Eur. J. 2007, 13, 674S. (c) Li, J.; Chan, P. W. H,;
Che, C.-M. Org. Lett. 2005, 7, S801. (d) Moriarty, R. M,; Tyagi, S. Org.
Lett. 2010, 12, 364. Bisazidation: (e) Chung, R; Yu, E.; Incarvito, C.
D,; Austin, D. J. Org Lett. 2004, 6, 3881. Aminooxygenation:
(f) Farid, U; Wirth, T. Angew. Chem, Int. Ed. 2012, S1, 3462.
(g) Cochran, B. M; Michael, F. E. Org Lett. 2008, 10, 5039.
(h) Wardrop, D. J; Bowen, E. G; Forslund, R. E;; Sussman, A. D.;
Weerasekera, S. L. J. Am. Chem. Soc. 2010, 132, 1188. (i) Lovick, H.
M.; Michael, F. E. J. Am. Chem. Soc. 2010, 132, 1249. (j) Correa, A;
Tellitu, I; Dominguez, E.; SanMartin, R. J. Org. Chem. 2006, 71, 8316.

(15) See Supporting Information for further details.

(16) (a) Koser, G. F.; Rebrovic, L.; Wettach, R. H. J. Org. Chem.
1981, 46, 4324. (b) Fujita, M.; Yoshida, Y.; Miyata, K.; Wakisaka, A.;
Sugimura, T. Angew. Chem., Int. Ed. 2010, 49, 7068.

(17) Isaacs, N. S. Physical Organic Chemistry, 2nd ed.; Longman:
Essex, 1995.

(18) Ochiai, M. In Chemistry of Hypervalent Compounds; Akiba, K.,
Ed.; Wiley-VCH: New York, 1999; p 359.

(19) While in principle the Hammett study may also suggest a rate-
determining precoordination of the alkene to the iodine(III), the
deuterium studies render this mechanism less likely. However, for
strong donor substituents, electronics might influence the pre-
equilibrium."®

(20) Jakihara, T.; Shike, T.; Ikeda, O.; Watanabe, H.; Takematsu, T.;
Yoneyama, K. EP 0326170A1(JP 18458/88).

dx.doi.org/10.1021/ja3013193 | J. Am. Chem. Soc. 2012, 134, 72427245


http://pubs.acs.org
mailto:kmuniz@iciq.es

