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Nuno Maulide*

Abstract: The development of reactions converting
alkenes and alkynes into valuable building blocks
remains one of the main goals of synthetic chemistry.
Herein, we present the leveraging of highly electron-
deficient iminium ions, rare and fleeting intermediates,
into a general amine synthesis. This enables the prepara-
tion of amines bearing e.g. valuable a-trifluoromethyl
moieties under mild conditions. This broad concept is
highlighted by the late-stage amination of quinine into a
biologically interesting new analogue. )

I minium ions are privileged intermediates for the synthesis
of amines,!! involved in efficient processes such as the
Mannich reaction,” reductive amination® or nucleophilic
additions.*® In 2018, Doyle reported a three-component
coupling of amines, aryl aldehydes and bromides/triflates
that affords tertiary amines via nickel-catalyzed reduction of
an iminium intermediate, generated in situ by condensation
(Scheme 1a)." In the same year, the Gaunt group developed
photocatalytic conditions for a multicomponent hydroami-
noalkylation reaction (Scheme 1b).¥! The reaction, applied
to the total syntheses of (—)-FR901483 and (+)-TAN1251C,
proceeds through SET reduction of a transient iminium ion,
once more generated in situ by condensation of an amine
with an aldehyde or ketone.” Last year, the same group
developed conditions for a radical-based synthesis of amines
via radical addition to a transient iminium intermediate
(Scheme 1¢)." Intriguingly, these three state-of-the-art
methods all require the deployment of a stoichiometric
reducing agent (Scheme 1).

The use of a carbonyl condensation approach to
generate the pivotal iminium intermediate, while flexible,
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Scheme 1. a,b,c) Modern methods for the synthesis of amines. d)
Development of a metal-free hydroaminoalkylation of olefins and
alkynes.

restricts access to highly electron-deficient iminium ions
such as those shown in Scheme 1d. Indeed, such species are
scarcely described in the literature,**! but notably have not
been used in conjunction with unactivated alkenes. This is
unsurprising given that aldehydes such as e.g. (2,2,2-
trifluoro)acetaldehyde are fleeting species, commonly only
available as the hydrate/hemiacetal—yet, the possibility to
access amination products carrying a CFs-group is of
potentially enormous value for drug discovery and materials
science alike, due to the interesting properties imparted by
the trifluoromethyl substituent.!*'%

We considered a different approach towards these
reactive intermediates, namely their in situ preparation from
aminals, themselves stable precursors.'” It is noteworthy
that such intermediates might allow access to a range of
highly functionalized amines that cannot be obtained by any
of the previously mentioned methodologies (Scheme 1d).

Here, we present the leveraging of highly electron-
deficient iminium ions in the synthesis of valuable
trifluoromethylated amines, aminoesters and aminophosph-
onates by hydroaminoalkylation of unactivated alkenes and
alkynes. Our concept relies on the pairing of a rapid
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intermolecular aza-Prins-like reaction of these electron-
deficient species with a stereoselective internal reduction
event (1,5-hydride transfer)!"®** ensuring that C—C bond
formation is coupled to reduction in a redox-neutral manner
and, contrasting the methods described before, without
requiring an external reductant (Scheme 1d). This strategy
enables the preparation of a broad range of valuable amines
and late-stage functionalization of complex architectures.
We focused our investigation on commercially available,
CF;-substituted aminal A (shown in Scheme 2), originally
developed by Dolbier for the synthesis of propargylic and
allylic a-trifluoromethylamines,'" as an ideal benchmark to
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test our hypothesis. We quickly found that the increased
electrophilicity and reactivity of A enabled the use of
exceptionally mild reaction conditions. In particular, at
temperatures as low as —10°C, we observed the combination
of A with unactivated alkenes to deliver the desired
secondary o-trifluoromethylamines (Scheme 2A; see Sup-
porting Information for the full optimization). As known
methods to access o-trifluoromethylamines are often multi-
step procedures,” ! or rely on unstable reagents under
oxidative conditions,*! the coupling of A with readily
available alkene feedstocks provides a direct solution to this
synthetic challenge. The scope of this reaction proved to be
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Scheme 2. Substrate scope for the synthesis of a-trifluoromethyl, a-carboethoxy and a-phosphonyl amines by hydroaminoalkylation of alkenes and
alkynes. [a] Reaction conducted at 20°C. [b] Reaction using in situ generated Aminal B instead of A—See Supporting Information for details.
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wide: both linear (1a, 2a) and cyclic alkenes (3a, 4a) were
converted to the a-trifluoromethylaminated products in
good to excellent yields (Scheme 2A) and high functional-
group tolerance was observed when halides (5a), esters (6a)
and even a free alcohol (7a) were shown to be well tolerated
Alkynes also reacted smoothly (8a, 9a and 11a) and in
stereoselective manner, delivering di- and trisubstituted
olefinic products as single double-bond isomers.'>*”! An
enyne substrate displayed selectivity for the triple bond
(10a), a useful chemoselectivity trait. Moreover, a terminal
alkyne was found to react preferentially to an internal one
(12a).

A remarkable example is portrayed in 1aa, where an in
situ generated benzyl aminal B could be employed to yield a
benzylamine product. This result further highlights the
practicability of the method, as diversely substituted aminals
can be rapidly synthesized and used without further
purification.

After exploring the scope of possible substrates for
trifluoromethyl-aminoalkylation, we turned our attention
towards different highly electron-deficient iminium ions. In
particular, we recognized the appeal of an unprecedented
direct formation of o-amino acid derivatives from unacti-
vated alkenes. This is a long sought-after transformation in
organic synthesis, with a direct, one-step strategy yet to
emerge.l¥

In the event, carbethoxyaminal®! C (Scheme 2B) proved
suitable for this task in reaction with alkenes under gentle
heating (see Supporting Information for the full optimiza-
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tion). Electron-rich (1b, 2b) and -poor styrenes (3b)
performed comparably well and were converted to the
corresponding a-amino acid derivatives in moderate yields.
The functional-group tolerance of the process was not
affected, and it was possible to obtain a-amino esters bearing
a hydroxyl (5b), an ester (7b) or a sulfone (10b) moiety
along the aliphatic chain.

Even a primary bromide (9b) did not undergo nucleo-
philic substitution under the reported conditions, and an
azide (14b) also remained untouched. As a sample applica-
tion, the presented method enables a straightforward syn-
thesis of the unnatural a-amino acid homophenylalanine
(17b) in only three steps from styrene: as shown, the
hydroaminalkylation can, in this case, be conducted as a 3-
component coupling of a secondary amine, a glyoxalate and
an olefin (Scheme 2B).

Finally, setting our vistas on o-aminophosphonates as
targets, we found that acidolysis of the hemiaminal D
(Scheme 2C) also resulted in the selective formation of an
iminium species competent for redox-neutral coupling to
alkenes."” As for the preceding cases, both styrenes and
aliphatic alkenes afforded the desired adducts (1c—4¢) in
good yields.

The methods laid out herein offer opportunities for
application to biological settings. As shown in Scheme 3A
and B, a trifluoromethylated derivative of the 1* generation
anti-histaminic chlorpheniramine could be swiftly prepared
in a tandem hydroaminoalkylation/Eschweiler—Clarke reac-
tion (16a). In a similar fashion, an analog resembling the
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Scheme 3. A, B) Selected applications to biological problems. C—E) Mechanistic probes. [a] Reaction conducted at 75 °C. [b] Based on recovered
starting material. [c] With 10 equiv of paraformaldehyde and HCOOH at 100°C—See Supporting Information for details.
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famed antimalarial drug chloroquine was also successfully
synthesized (15a). The natural product quinine was also
successfully converted to an o-trifluoromethylamine deriva-
tive (17a) in an interesting example of late-stage functional-
ization. Due to quinine’s well-known antimalarial
activity,** we were intrigued by this analog and its
potential as an antimalarial agent. Quinine analog 17a was
used to treat two distinct cell-lines, the first one containing
P. falciparum and the second containing L6 rat cells, in
order to check for its antimalarial activity and cytotoxicity,
respectively. 17a achieved potent in vitro inhibition (ICsy=
24 nM) of the growth of P. falciparum and the evaluation of
its effect on L6 rat cells showed it to be non-cytotoxic.
Importantly, the antimalarial activity exhibited by 17a is
comparable to that of chloroquine sulphate, a drug used to
treat similar diseases.[*’

Finally, integration of these reactions into interesting
domino processes presents useful synthetic opportunities
(Scheme 3C-E). For instance, halogen or arene migration
processes enable relatively simple (alkyne 5d) and commer-
cially available (5-chloropentyne (1d)) starting materials to
directly deliver aminated products of higher complexity
(Scheme 3C and D). Strategic positioning of an ester moiety
(8d) leads to interception and delivers products of a formal
hydrative Mannich transform (Scheme 3E).

In summary, we have presented an approach leveraging
highly electron-deficient iminium ions which allows their
coupling with unactivated unsaturated partners without
requiring a reductant. In doing so, we provide one-step
synthetic routes to trifluoromethylated amines, aminoesters
and aminophosphonates of potentially high value for
medicinal, pharmaceutical and materials chemistry. The
described late-stage derivatization of quinine suggests a
general strategic deployment of this reaction to bioactive
substances carrying an unsaturation.

Acknowledgements

Generous support of this research by the Fundagdo para a
Ciéncia e Tecnologia (FCT SFRH/BD/141844/2018 fellow-
ship to C.R.G.), the FWF (P30266 to N.M. and M0247 to
A.P.), the ERC (CoG VINCAT 682002 to N.M.) is acknowl-
edged. We also acknowledge I. Mosiagin, Dr. D. Kaiser and
Dr. B. Martins (all U. Vienna) for proofreading. We are
very grateful to the University of Vienna for continued
support of our research programs.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Angew. Chem. Int. Ed. 2022, 61, €202115435 (4 of 5)

Communications

Angewandte

intemationaldition’y) Chemie

Keywords: Acid-Mediated Reaction - Amines -
Hydroaminoalkylation - Iminium lons - Synthetic Methods

[1] A. Trowbridge, S. M. Walton, M. J. Gaunt, Chem. Rev. 2020,
120, 2613-2692.

[2] a) S. Saranya, N. A. Harry, K. K. Krishnan, G. Anilkumar,
Asian J. Org. Chem. 2018, 7, 613-633; b) B. Biersack, K.
Ahmed, S. Padhye, R. Schobert, Expert Opin. Drug Discovery
2018, 73, 39-49.

[3] a) O.1. Afanasyev, E. Kuchuk, D.L. Usanov, D. Chusov,
Chem. Rev. 2019, 119, 11857-11911; b) C. Wang, J. Xiao, Top.
Curr. Chem. 2013, 343, 261-282.

[4] For recent examples of nucleophilic additions to iminium ions,

see: a)D.B. Freeman, L. Furst, A.G. Condie, C.R.J.

Stephenson, Org. Lett. 2012, 14, 94-97; b) A. V. Tsymbal,

M. D. Kosobokov, V. V. Levin, M. I. Struchkova, A.D. Dil-

man, J. Org. Chem. 2014, 79, 7831-7835; c) A. E. Hartman,

C. L. Brophy, J. A. Cupp, D. K. Hodge, T.J. Peelen, J. Org.

Chem. 2009, 74, 3952-3954; d) E.L. Myers, J. G. de Vries,

V. K. Aggarwal, Angew. Chem. Int. Ed. 2007, 46, 1893-1896;

Angew. Chem. 2007, 119, 1925-1928.

a) G. Blay, A. Monleén, J. R. Pedro, Curr. Org. Chem. 2009,

13, 1498-1539; b) Q.-H. Zheng, W. Meng, G.-J. Jiang, Z.-X.

Yu, Org. Lett. 2013, 15, 5928-5931.

[6] a) T. Thaima, F. Zamani, C. J. T. Hyland, S. G. Pyne, Synthesis
2017, 49, 1461-1480; b) P. Wu, M. Givskov, T.E. Nielsen,
Chem. Rev. 2019, 119, 11245-11290.

[7] C. Heinz, J.P. Lutz, E.M. Simmons, M. M. Miller, W.R.
Ewing, A. G. Doyle, J. Am. Chem. Soc. 2018, 140, 2292-2300.

[8] a) A. Trowbridge, D. Reich, M.J. Gaunt, Nature 2018, 561,
522-527. For recent examples of hydroaminoalkylation using
metals, see; b)J. Yang, F.G. Delolo, A. Spannenberg, R.
Jackstell, M. Beller, Angew. Chem. Int. Ed. 2022, 61,
€202112597; Angew. Chem. 2022, 134, €202112597; c) T. Kaper,
M. Fischer, M. Warsitz, R. Zimmering, R. Beckhaus, S. Doye,
Chem. Eur. J. 2020, 26, 14300-14304.

[9] D. Reich, A. Trowbridge, M. J. Gaunt, Angew. Chem. Int. Ed.
2020, 59, 2256-2261; Angew. Chem. 2020, 132, 2276-2281.

[10] R. Kumar, N.J. Flodén, W. J. Whitehurst, M. J. Gaunt, Nature
2020, 581, 415-421.

[11] Y. Xu, X. X. Rong, W.R. Dolbier, J. Org. Chem. 1997, 62,
1576-1577.

[12] Y. Xu, W. R. Dolbier, J. Org. Chem. 2000, 65, 2134-2137.

[13] Y. Xu, W. R. Dolbier, Tetrahedron Lett. 1998, 39, 9151-9154.

[14] J. Jin, C. M. Topping, S. Chen, J. Ballato, S. H. Foulger Jr,
D. W. Smith, J. Polym. Sci. Part A 2004, 42, 5292-5300.

[15] K. Miiller, C. Faeh, F. Diederich, Science 2007, 317, 1881-1886.

[16] N. A. Meanwell, J. Med. Chem. 2018, 61, 5822-5880.

[17] For a rare example of employment of O,N- (rather than N,N)-
aminals see: Y.-Y. Huang, C. Cai, X. Yang, Z.-C. Lv, U.
Schneider, ACS Catal. 2016, 6, 5747-5763.

[18] For our previous work using unsubstituted aminals, see: D.
Kaiser, V. Tona, C. R. Gongalves, S. Shaaban, A. Oppedisano,
N. Maulide, Angew. Chem. Int. Ed. 2019, 58, 14639-14643;
Angew. Chem. 2019, 131, 14781-14785.

[19] For earlier work on iminium/alkene couplings, see: a)T.
Cohen, A. Onopchenko, J. Org. Chem. 1983, 48, 4531-4537,
b) A. R. Ofial, H. Mayr, J. Org. Chem. 1996, 61, 5823-5830.

[20] M. C. Haibach, D. Seidel, Angew. Chem. Int. Ed. 2014, 53,
5010-5036; Angew. Chem. 2014, 126, 5110-5137.

[21] B. Peng, N. Maulide, Chem. Eur. J. 2013, 19, 13274-13287.

[22] B. Wang, D. A. Gandamana, D.F.L. Rayo, F. Gagosz, S.
Chiba, Org. Lett. 2019, 21, 9179-9182.

[23] X.-D. An, J. Xiao, Org. Chem. Front. 2021, 8, 1364-1383.

[24] S. G. K. Prakash, M. Mandal, G. A. Olah, Synlett 2001, 1, 77—
78.

5

[

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1002/ajoc.201700679
https://doi.org/10.1080/17460441.2018.1403420
https://doi.org/10.1080/17460441.2018.1403420
https://doi.org/10.1021/acs.chemrev.9b00383
https://doi.org/10.1007/128_2013_484
https://doi.org/10.1007/128_2013_484
https://doi.org/10.1021/ol202883v
https://doi.org/10.1021/jo501644m
https://doi.org/10.1021/jo8027714
https://doi.org/10.1021/jo8027714
https://doi.org/10.1002/anie.200604715
https://doi.org/10.1002/ange.200604715
https://doi.org/10.1021/ol402517e
https://doi.org/10.1021/acs.chemrev.9b00214
https://doi.org/10.1021/jacs.7b12212
https://doi.org/10.1038/s41586-018-0537-9
https://doi.org/10.1038/s41586-018-0537-9
https://doi.org/10.1002/chem.202003484
https://doi.org/10.1002/anie.201912010
https://doi.org/10.1002/anie.201912010
https://doi.org/10.1002/ange.201912010
https://doi.org/10.1038/s41586-020-2213-0
https://doi.org/10.1038/s41586-020-2213-0
https://doi.org/10.1021/jo9700033
https://doi.org/10.1021/jo9700033
https://doi.org/10.1021/jo991750y
https://doi.org/10.1016/S0040-4039(98)02106-6
https://doi.org/10.1002/pola.20342
https://doi.org/10.1021/acs.jmedchem.7b01788
https://doi.org/10.1021/acscatal.6b01725
https://doi.org/10.1002/anie.201906910
https://doi.org/10.1002/ange.201906910
https://doi.org/10.1021/jo00172a018
https://doi.org/10.1021/jo960516u
https://doi.org/10.1002/anie.201306489
https://doi.org/10.1002/anie.201306489
https://doi.org/10.1002/ange.201306489
https://doi.org/10.1002/chem.201301522
https://doi.org/10.1021/acs.orglett.9b03548
https://doi.org/10.1039/D0QO01502D

GDCh
~~

[25] S. G. K. Prakash, Y. Wang, R. Mogi, J. Hu, T. Mathew, G. A.
Olah, Org. Lett. 2010, 12, 2932-2935.

[26] V.1. Supranovich, V. V. Levin, M. I. Struchkova, A.D. Dil-
man, Org. Lett. 2018, 20, 840-843.

[27] A. A.S. Gietter-Burch, V. Devannah, D. A. Watson, Org. Lett.
2017, 19, 2957-2960.

[28] C. Alonso, M. Gonzédlez, M. Fuertes, G. Rubiales, J. M.
Ezpeleta, F. Palacios, J. Org. Chem. 2013, 78, 3858-3866.

[29] F. Gagosz, S. Z. Zard, Org. Lett. 2003, 5, 2655-2657.

[30] Z. Neouchy, D. G. Pardo, J. Cossy, Org. Lett. 2018, 20, 6017—
6021.

[31] L.-M. Shi, X.-S. Sun, C. Shen, Z.-F. Wang, H.-Y. Tao, C.-J.
Wang, Org. Lett. 2019, 21, 4842-4848.

[32] C.I. Onyeagusi, S.J. Malcolmson, ACS Catal. 2020, 10, 12507—
12536.

[33] C.I. Onyeagusi, X. Shao, S. J. Malcolmson, Org. Lett. 2020, 22,
1681-1685.

[34] H. Mitsudera, C.-J. Li, Tetrahedron Lett. 2011, 52, 1898-1900.

[35] L. Chu, F.-L. Qing, Chem. Commun. 2010, 46, 6285-6287.

[36] W. Fu, W. Guo, G. Zou, C. Xu, J. Fluorine Chem. 2012, 140,
88-94.

[37] Reference [11] shows an isolated example of a similar hydride
transfer event, albeit onto B-silicon stabilized vinyl cation.

[38] a) Using Strecker Reaction: A. Strecker, Ann. Chem. Pharm.
1850, 75, 27-45; b) J. Wang, X. Liu, X. Feng, Chem. Rev. 2011,

Communications

Angewandte

intemationaldition’y) Chemie

111, 6947-6983; c) K. Maruoka, T. Ooi, Chem. Rev. 2003, 103,
3013-3028; Using Radical coupling: d) S. Ni, A.F. Garrrido-
Castro, R. R. Merchant, J. N. de Gruyter, D. C. Schmitt, J. J.
Mousseau, G. M. Gallego, S. Yang, M. R. Collins, J. X. Qiao,
K. Yeung, D. R. Langley, M. A. Poss, P. M. Scola, T. Qin, P. S.
Baran, Angew. Chem. Int. Ed. 2018, 57, 14560-14565; Angew.
Chem. 2018, 130, 14768-14773; Using Aminohydroxylation:
e) J. A. Bodkin, M. D. McLeod, J. Chem. Soc. Perkin Trans. 1
2002, 2733-2746; Using Biocatalysis: f) S. Wu, Y. Zhou, T.
Wang, H.-P. Too, D. 1. C. Wang, Z. Li, Nat. Commun. 2016, 7,
11917.

[39] S. Piper, N. Risch, Synlett 2004, 1489-1496.

[40] N. Risch, S. Piper, A. Winter, A. Lefarth-Risse, Eur. J. Org.
Chem. 2005, 387-394.

[41] S. Dhiman, Infect. Dis. Poverty 2019, 8, 14-33.

[42] K. Raghavendra, T. K. Barik, B. P. Reddy, P. Sharma, A.P.
Dash, Parasitol. Res. 2011, 108, 757-779.

[43] J. Gao, Z. Tian, X. Yang, Biosci. Trends. 2020, 14, 72-73.

Manuscript received: November 12, 2021
Accepted manuscript online: February 1, 2022
Version of record online: March 16, 2022

Angew. Chem. Int. Ed. 2022, 61, €202115435 (5 of 5)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1021/ol100918d
https://doi.org/10.1021/acs.orglett.7b03987
https://doi.org/10.1021/acs.orglett.7b01196
https://doi.org/10.1021/acs.orglett.7b01196
https://doi.org/10.1021/jo400281e
https://doi.org/10.1021/ol034812m
https://doi.org/10.1021/acs.orglett.8b02353
https://doi.org/10.1021/acs.orglett.8b02353
https://doi.org/10.1021/acs.orglett.9b01738
https://doi.org/10.1021/acscatal.0c03569
https://doi.org/10.1021/acscatal.0c03569
https://doi.org/10.1021/acs.orglett.0c00342
https://doi.org/10.1021/acs.orglett.0c00342
https://doi.org/10.1016/j.tetlet.2011.02.038
https://doi.org/10.1039/c0cc01073a
https://doi.org/10.1016/j.jfluchem.2012.05.009
https://doi.org/10.1016/j.jfluchem.2012.05.009
https://doi.org/10.1002/jlac.18500750103
https://doi.org/10.1002/jlac.18500750103
https://doi.org/10.1021/cr200057t
https://doi.org/10.1021/cr200057t
https://doi.org/10.1021/cr020020e
https://doi.org/10.1021/cr020020e
https://doi.org/10.1002/anie.201809310
https://doi.org/10.1002/ange.201809310
https://doi.org/10.1002/ange.201809310
https://doi.org/10.1039/b111276g
https://doi.org/10.1039/b111276g
https://doi.org/10.1002/ejoc.200400618
https://doi.org/10.1002/ejoc.200400618
https://doi.org/10.1007/s00436-010-2232-0
https://doi.org/10.5582/bst.2020.01047

