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Deaminative Borylation of Aliphatic Amines Enabled by Visible
Light Excitation of an Electron-Donor-Acceptor Complex

Frederik Sandfort*, Felix Strieth-Kalthoff*, Felix J. R.

Abstract: A deaminative strategy for the borylation of aliphatic
primary amines is described. Alkyl radicals derived from the single-
electron reduction of redox-active pyridinium salts, which can be
isolated or generated in situ, were borylated in a visible light-
mediated reaction with bis(catecholato)diboron. No catalyst or
further additives were required. The key electron-donor-acceptor
complex was characterized in detail by both experimental and
computational investigations. The synthetic potential of this mild
protocol was demonstrated through the late-stage functionalization
of natural products and drug molecules.

Organoboronic acids and their esters are among the most
prominent molecules used in organic chemistry. Their value as
synthetic intermediates, as well as target molecules, has been
proven over the last decades, emphasized by the Nobel prize for
the Suzuki-Miyaura coupling in 2010. While the synthesis of
aromatic boronic acids has been widely established,['! chemists
have recently turned their focus towards the development of
methods for the synthesis of aliphatic boronates.??! Besides their
use in organic synthesis, these molecules may also possess
biological activity and have consequently been utilized in
medicinal chemistry programs.®4 Traditionally, Csxs—B bonds
are formed either by trapping of organometallic intermediates
with borates, or from the corresponding olefins via
hydroboration.[! More recent borylation methods have sought to
use milder conditions and precursors derived from naturally
abundant and inexpensive feedstock chemicals. In this context,
radical-mediated processes, in which alkyl radicals are borylated
with  (activated) diboranes, have become increasingly
important.®) A number of prominent examples of this approach
using activated carboxylic acids, namely redox-active N-
hydroxyphthalimide esters, as precursors for borylation have
been independently reported by the groups of Baran, Li and
Aggarwal.® In this regard, primary aliphatic amines also present
a potentially interesting precursor for borylation (Scheme 1), as
they are a natural feedstock of similar abundance to carboxylic
acids and are present in numerous natural products and drugs.[”!
Thus, their synthesis and use as versatile building blocks in
organic synthesis has already been widely explored.®! The
borylation of primary amines has previously been reported for
aromatic and benzylic amines through the use of the
corresponding  diazonium or trimethylammonium  salts.®
However, the borylation of simple aliphatic amines remains an
unresolved challenge in organic synthesis.'” One method to
activate aliphatic primary amines is via the formation of redox-
active pyridinium salts (Katritzky salts), which were originally
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used in two-electron pathways.['"l These salts are readily formed
by simple condensation of the corresponding primary amine with
the commercially available pyrylium salt 1 and can usually be
isolated by filtration. The synthetic use of Katritzky salts has
recently been demonstrated by the Watson group in the context
of Nickel catalysis,'? as well as under photocatalytic conditions
by our group.l'® In both cases, single-electron reduction of the
Katritzky salt is proposed to give rise to an alkyl radical
intermediate.
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Scheme 1. General outline of deaminative borylation protocols and the
deaminative borylation of aliphatic primary amines (this work). [a] Geometry
determined by DFT calculations.

In modern organic synthesis, single-electron-transfer processes
are often mediated by photoredox catalysis.'¥ Whilst these
methods have been used to enable a number of challenging
transformations, the photocatalysts are still typically based on
expensive transition metal complexes. Thus, photocatalyst-free
methods, which can directly use visible light as one of the
mildest, cheapest and greenest forms of energy available, are
highly desirable.') To meet this end, single-electron-transfer
processes can be promoted in the absence of a photocatalyst if
either one reaction partner or an encounter complex of two or
more molecules is excited. The latter is generally described as
an electron-donor-acceptor (EDA) complex.['6:17]

Considering the above, and based on our previous work, we
questioned whether Katritzky salts could serve as acceptors in
EDA-promoted reactions to enable challenging functional group
interconversions under catalyst-free conditions. Herein, we
describe the visible light-mediated deaminative borylation of
primary aliphatic amines under catalyst- and additive-free



conditions. This reaction was enabled by the formation and
irradiation of a ternary EDA complex of the Katritzky salt,
bis(catecholato)diboron (Bzcaty) and DMA (N,N-
dimethylacetamide). A range of primary, benzylic and secondary
Katritzky salts, including those derived from natural products,
were all converted into high value aliphatic boronic esters.

Our studies began by examining known boron-based EDA
complex donors in combination with Katritzky salt 2a.[¢6d
Pleasingly, we observed the appearance of a significant color
change when dissolving Katritzky salt 2a and Bcat> in DMA,
which was a strong indicator that the Katritzky salts could indeed
undergo the desired EDA complex formation. Through
optimization studies we found that the desired borylated product
3a could be isolated in 94% yield by irradiating a mixture of
Katritzky salt 2a and 1.5 equivalents of Bzcat, in DMA (0.1 M)
under an atmosphere of argon with visible light (Amax = 455 nm, 5
W blue LEDs) for 16 h followed by transesterification with
pinacol and Et3N (table 1, entry 1). Other boron sources such as
Boping, or the use of non-coordinating solvents such as CH2Cly,
did not lead to any product formation (table 1, entries 2,3).
However, when adding 5.0 equivalents of DMA to the reaction
mixture in CH2Cl, the desired product could still be formed in
77% vyield (table 1, entry 4). Through further optimization we
found that both the amount of Bzcat, and the reaction time could
also be decreased to only 1.2 equivalents and 6 h, respectively
(table 1, entry 5). A control experiment without light revealed
formation of the desired product in 60% vyield after 16 h reaction
time (table 1, entry 6). However, further studies showed that the
thermal reactivity was strongly substrate-dependent.['8!

A. Proposed mechanism
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Table 1. Visible light-mediated deaminative borylation of Katritzky salt 2a.

Pho_~ Ph B,cat, (1.5 equiv)
® | DMA (0.1 M), ~30 °C, 16 h _
NS 5Whblue LEDs Bpin
BOCI\O/ Ph gr©  then pinacol, EN, RT, 1h BOCO
2a (1.0 equiv) 3a
Entry Variation from standard conditionsl?! Yield [%]fb!
1 none 94
2 Bopinz (1.5 equiv) instead of Bzcatz 0
3 CHzClz instead of DMA 0
4 CHCl2 + DMA (5.0 equiv) 77
5 Bacat2 (1.2 equiv), 6 h reaction time 95 (91)[cl
6 no irradiation 60
7 under air 0
8 TEMPO (2.0 equiv) 0

[a] Conditions: 2a (0.10 mmol), Bzcatz (0.15 mmol) and DMA (0.1 M) under
argon. [b] Yields determined by 'H NMR spectroscopic analysis using 1,3,5-
trimethoxybenzene as internal standard. [c] Isolated yield on a 0.3 mmol scale
in parentheses.
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Scheme 2. A. Proposed reaction mechanism. B. UV/vis spectra of Katritzky salt 2b, Bzcatz and the reaction mixture in DMA. C. Job plot of Katritzky salt 2b and
Bacatz in DMA. [a] Calculated redox potentials in MeCN vs SCE. [b] TDDFT-computed donor and acceptor orbitals of a charge transfer transition in the EDA

complex.



To fully confirm and establish the use of Katritzky salts as
acceptors in EDA complexes, we next sought to characterize the
true nature of the complex and the reaction mechanism itself.
While neither Katritzky salt 2b, derived from cyclohexylamine,
nor Bocat: showed significant UV/vis absorption at 550 nm, an
absorption shoulder appeared in the spectrum of the reaction
mixture, supporting the formation of an EDA complex (Scheme 2,
B). However, this shoulder was not present when the reagents
were dissolved in CHxCl,, but appeared and grew stronger upon
the successive addition of DMA,["® suggesting the formation of a
ternary EDA complex. A subsequent Job plot analysis revealed
a 1:1 adduct formation of Katritzky salt 2b and Bycat, in DMA
(Scheme 2, C). Based on these results we propose EDA
complex I, primarily stabilized by -1 interactions.
Computational investigations using time-dependent density
functional theory (TDDFT) calculations revealed three significant
excitations with A >400 nm, which can all be assigned to
charge-transfer-type transitions.l'® The involved molecular
orbitals (HOMO & LUMO) are depicted in Scheme 2. A transition
between these orbitals directly corresponds to the proposed
single-electron transfer from the Bzcats to the Katritzky salt.

Further evidence for the radical nature of the reaction was
obtained when all product formation was inhibited by the
presence of air or TEMPO (table 1, entries 7,8). Next, quantum
yield determination (® = 27.8) suggested a radical chain
mechanism to be operative. Consequently, we propose the
following mechanistic scenario (Scheme 2, A): First, the radical
chain is initiated by photochemical or thermal electron transfer
within EDA complex | to form pyridinyl radical Il. Fragmentation
of intermediate Il leads to the formation of alkyl radical Ill, which

Ph_~,Fh
e ) Phe_o~"h
R1__NH, " bh BF? R'_ND | R
\R|/2 EtOH, reflux R2 Ph BFS @,
or HOAc, CH,Cl,, RT 2
primary(@
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then undergoes borylation with DMA-activated Bocat, IV to form
boronic ester V and open-shell boron species VI. Finally,
electron transfer from open-shell species VI to the Katritzky salt
enables chain propagation. Computationally determined redox
potentials suggest that this electron transfer step s
thermodynamically feasible.

Having concluded mechanistic investigations, we began scoping
studies for this deaminative borylation reaction (Scheme 3).
Pleasingly, we found a variety of previously unreactive sterically
different primary Katritzky salts!'®! could all undergo borylation in
good yield (3c—e).'8l Different functional groups, such as
carboxylic acid esters or protected amines were well-tolerated
(3f—g). Benzylic boronic esters were also isolated in moderate to
good yield (3h—j). Notably, aryl bromides and aryl chlorides were
tolerated, providing opportunity for further functionalization.
However, when electron poor benzylic Katritzky salts were used,
dimerization of the corresponding benzylic radical was observed
as a major byproduct. Acyclic and cyclic secondary Katritzky
salts with varying ring sizes all underwent borylation efficiently
(3k—0). Furthermore, pharmaceutically relevant saturated
heterocyclic amines afforded the desired products in generally
very good vyield (3p—s). The facile transesterification to a MIDA
boronate was also demonstrated (3q) and even a free alcohol
could be tolerated in this reaction process (3t). Having
demonstrated the effectiveness of this borylation protocol for a
variety of primary and secondary Katritzky salts, we sought to
explore the late-stage functionalization of natural products and
drugs. Pleasingly then, dopamine derivative 3u as well as the
highly functionalized boronic ester 3v derived from a Lipitor
intermediate were both isolated in good to excellent yield.
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Scheme 3. Scope of the deaminative borylation. Conditions: 2 (0.30 mmol), Bzcatz (0.36 mmol) and DMA (0.1 M) under argon. [a] Irradiation with 30 W blue LEDs
for 24 h at ~60 °C. [b] Irradiation with 5 W blue LEDs for 6 h at ~30 °C. [c] Transesterification: Methyliminodiacetic acid (MIDA), 60 °C, 24 h.



Furthermore, sterically demanding natural products pinanamine
and myrtanylamine were also efficiently borylated as was
unprotected tryptamine containing a free N-H group (3w-y).
From natural amino acids derived protected leucinol and lysine
afforded the corresponding products 3z and 3aa in moderate
yield. As mentioned previously, the Katritzky salts are formed via
a simple and efficient condensation reaction, which can also be
carried out at room temperature in CHCly, if acetic acid is used
as a Brgnsted acid catalyst."® However, in some cases isolation
can be difficult if the Katritzky salt does not precipitate. Thus, we
sought to develop a one-pot procedure in which the Katritzky
salt is generated and reacted in situ. As a solvent mixture of
CHxCl, and DMA was already successful for borylation during
the optimization process, we were confident that such a protocol
could be realized. Pleasingly, we found that simply through the
addition of a solution of Bzcatz in DMA to a pre-formed Katritzky
salt solution in CH2Cl,, followed by the standard borylation
procedure, the desired product 3a could be isolated in 76% yield
directly from amine 4a (Scheme 4). Compared to isolation of
Katritzky salt 2a (70%)!"® and successive borylation with our
method, the one-pot borylation even offers a slight increase in
yield over two steps (76% vs. 64%). This one-pot protocol is
significant for enabling the first direct deaminative borylation of
primary amines.

Ph o~ -Ph Bycat, (1.2 equiv)
®0a | (1.0 equiv) in DMA (0.1 M)
NH; Ph BFY ° !\gglyg,l%Er?s Bpin
BOCI\O/ HOAc (0.5 equiv) o then pinacol - BOCO
sa(t2equiv)  arien EN.RT TN 3a, 76% (64%)

Scheme 4. One-pot borylation procedure via in situ generation of Katritzki
salt 2a, performed on a 0.3 mmol scale. [a] Performed on a 2.5 mmol scale.

In summary, we report the deaminative borylation of primary
aliphatic amines via the use of Katritzky salts as acceptors in
EDA complexes. The reaction proceeds under mild visible light-
mediated conditions and requires only a coordinating solvent
and no further catalysts or additives. We propose a radical chain
mechanism initiated by an EDA complex based on experimental
and computational studies. The method efficiently converts
primary, benzylic and secondary amines into the corresponding
borylated products. The synthetic value of this methodology is
further demonstrated through the late-stage functionalization of
natural products and drug molecules. Notably, direct amine to
boronate interconversion can also be performed in a one-pot
process, whereby the Katritzky salt is not isolated but reacted in
situ. Further studies into the full synthetic potential and use of
Katritzky salts as acceptors in EDA complexes are ongoing in
our laboratory.

Acknowledgements

This work was supported by the Fonds der Chemischen
Industrie (F.S.), the Deutsche Forschungsgemeinschaft (SFB
858, F.S.-K.) and the Alexander von Humboldt Foundation
(M.J.J.). We also thank Philipp Pfliger for experimental support
and Lena Pitzer for helpful discussions.

WILEY-VCH

Keywords: borylation « deaminative strategy ° visible light «
electron-donor-acceptor « DFT calculations

[1] D. G. Hall in Boronic Acids (Ed.: D. G. Hall), Wiley-VCH Verlag GmbH
& Co. KGaA, 2011, pp. 1-133.

[2] For selected examples on the synthesis of aliphatic boronates, see: a)
C. Yang, Z. Zhang, H. Tajuddin, C. Wu, J. Liang, J. Liu, Y. Fu, M.
Czyzewska, P. G. Steel, T. B. Marder, L. Liu, Angew. Chem. Int. Ed.
2012, 51, 528; Angew. Chem. 2012, 124, 543; b) H. Li, L. Wang, Y.
Zhang, J. Wang, Angew. Chem. Int. Ed. 2012, 51, 2943; Angew. Chem.
2012, 124, 2997; ¢) A. S. Dudnik, G. C. Fu, J. Am. Chem. Soc. 2012,
134, 10693; d) C. W. Liskey, J. F. Hartwig, J. Am. Chem. Soc. 2012,
134, 12422; e) T. C. Atack, R. M. Lecker, S. P. Cook, J. Am. Chem.
Soc. 2014, 136, 9521; f) T. C. Atack, S. P. Cook, J. Am. Chem. Soc.
2016, 138, 6139; g) S.-C. Ren, F.-L. Zhang, J. Qi, Y.-S. Huang, A.-Q.
Xu, H.-Y. Yan, Y.-F. Wang, J. Am. Chem. Soc. 2017, 139, 6050; h) K.
M. Logan, S. R. Sardini, S. D. White, M. K. Brown, J. Am. Chem. Soc.
2018, 7140, 159.

[3] For selected reviews on the use of aliphatic boronates in synthesis,
see: a) D. Leonori, V. K. Aggarwal, Angew. Chem. Int. Ed. 2015, 54,
1082; Angew. Chem. 2015, 127, 1096; b) C. Sandford, V. K. Aggarwal,
Chem. Commun. 2017, 53, 5481.

[4] For selected reviews of the use of aliphatic boronates in medicinal
chemistry, see: a) R. Smoum, A. Rubinstein, V. M. Dembitsky, M.
Srebnik, Chem. Rev. 2012, 112, 4156; b) P. C. Trippier, C. McGuigan,
Med. Chem. Commun., 2010, 1, 183; W. Q. Yang, X. M. Gao, B. H.
Wang, Med. Res. Rev. 2003, 23, 346.

[5] a) G. Yan, D. Huang, X. Wu, Adv. Synth. Catal. 2018, 360, 1040; b) Y.
Cheng, C. Mick-Lichtenfeld, A. Studer, J. Am. Chem. Soc. 2018, 140,
6221.

[6] a) C. Li, J. Wang, L. M. Barton, S. Yu, M. Tian, D. S. Peters, M. Kumar,
A. W. Yu, K. A. Johnson, A. K. Chatterjee, M. Yan, P. S. Baran,
Science 2017, 356, 1045; b) D. Hu, L. Wang, P. Li, Org. Lett. 2017, 19,
2770; c) A. Fawcett, J. Pradeilles, Y. Wang, T. Mutsuga, E. L. Myers, V.
K. Aggarwal, Science 2017, 357, 283; for the use of aromatic NHPI
ester, see: d) L. Candish, M. Teders, F. Glorius, J. Am. Chem. Soc.
2017, 139, 7440.

[7] a) E. Scott, F. Peter, J. Sanders, Appl. Microbiol. Biotechnol. 2007, 75,
751; b) T. P. T. Cushnie, B. Cushnie, A. J. Lamb, Int. J. Antimicrob.
Agents 2014, 44, 377; c) N. A. McGrath, M. Brichacek, J. T. Njardarson,
J. Chem. Educ. 2010, 87, 1348.

[8] a) J. Bariwal, E. Van der Eycken, Chem. Soc. Rev. 2013, 42, 9283; b)
V. Froidevaux, C. Negrell, S. Caillol, J.-P. Pascault, B. Boutevin, Chem.
Rev. 2016, 116, 14181; c) P. Ruiz-Castillo, S. L. Buchwald, Chem. Rev.
2016, 116, 12564; d) Q. Wang, Y. Su, L. Li, H. Huang, Chem. Soc. Rev.
2016, 45, 1257.

[9] For selected examples, see: a) Y. Ma, C. Song, W. Jiang, G. Xue, J. F.
Cannon, X. Wang, M. B. Andrus, Org. Lett. 2003, 5, 4635; b) W. Erb, A.
Hellal, M. Albini, J. Rouden, J. Blanchet, Chem. Eur. J. 2014, 20, 6608;
c) A. M. Mfuh, J. D. Doyle, B. Chhetri, H. D. Arman, O. V. Larionov, J.
Am. Chem. Soc. 2016, 138, 2985; d) H. Zhang, S. Hagihara, K. ltami,
Chem. Eur. J. 2015, 21, 16796; e) C. H. Basch, K. M. Cobb, M. P.
Watson, Org. Lett. 2016, 18, 136; f) J. Hu, H. Sun, W. Cai, X. Pu, Y.
Zhang, Z. Shi, J. Org. Chem. 2016, 81, 14; g) S. Aichhorn, R. Bigler, E.
L. Myers, V. K. Aggarwal, J. Am. Chem. Soc. 2017, 139, 9519.

[10] During the preparation of this manuscript, Aggarwal et al. published on
the deaminative borylation of alkylamines: J. Wu, L. He, A. Noble, V. K.
Aggarwal, J. Am. Chem. Soc. 2018, DOI: 10.1021/jacs.8b07103.

[11]  A. R. Katritzky, U. Gruntz, D. H. Kenny, M. C. Rezende, H. Sheikh, J.
Chem. Soc. Perkin Trans. 1 1979, 430; for an early example of
Katritzky salts in single electron transfer processes, see: A. R. Katritzky,
M. A. Kashmiri, G. Z. de Ville, R. C. Patel, J. Am. Chem. Soc. 1983,
105, 90.



2]

(3]

[14]

C. H. Basch, J. Liao, J. Xu, J. J. Piane, M. P. Watson, J. Am. Chem.
Soc. 2017, 139, 5313; for further examples using Katritzky salts in
Nickel catalysis, see: a) J. Liao, W. Guan, B. P. Boscoe, J. W. Tucker, J
W. Tomlin, M. R. Garnsey, M. P. Watson, Org. Lett. 2018, 20, 3030; b)
W. Guan, J. Liao, M. P. Watson, Synthesis 2018; 50, 3231.

F. J. R. Klauck, M. J. James, F. Glorius, Angew. Chem. Int. Ed. 2017,
56, 12336; Angew. Chem. 2017, 129, 12505; for further examples using
Katritzky salts in photocatalysis, see: D. Gryko, M. Ociepa, J.
Turkowska, 2018, DOI 10.26434/chemrxiv.6510125.v1.

For selected reviews on visible light photoredox catalysis, see: a) J. M.
R. Narayanam, C. R. J. Stephenson, Chem. Soc. Rev. 2011, 40, 102;
b) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev., 2013,
113, 5322; c) J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans, D.
W. C. MacMillan, Nat. Rev. Chem. 2017, 1, 52; d) N. A. Romero, D. A.
Nicewicz, Chem. Rev. 2016, 116, 10075; e) K. L. Skubi, T. R. Blum, T.
P. Yoon, Chem. Rev. 2016, 116, 10035.

[18]
[16]
7]

(18]
9]

WILEY-VCH

T. P. Yoon, M. A. Ischay, J. Du, Nat. Chem. 2010, 2, 527.

R. Foster, J. Phys. Chem., 1980, 84, 2135.

For recent examples of EDA complexes in organic synthesis, see: a) C.
G. S. Lima, T. de M. Lima, M. Duarte, I. D. Jurberg, M. W. Paixa"o,
ACS Catal. 2016, 6, 1389; b) E. Arceo, I. D. Jurberg, A. Alvarez-
Fernandez, P. Melchiorre, Nat. Chem. 2013, 5, 750; c) £ Wozniak, J. J.
Murphy, P. Melchiorre, J. Am. Chem. Soc. 2015, 137, 5678; d) M. Silvi,
E. Arceo, I. D. Jurberg, C. Cassani, P. Melchiorre, J. Am. Chem. Soc.
2015, 137, 6120; e) M. Nappi, G. Bergonzini, P. Melchiorre, Angew.
Chem. Int. Ed. 2014, 53, 4921; Angew. Chem. 2014, 126, 5021; f) B.
Liu, C.-H. Lim, G. M. Miyake, J. Am. Chem. Soc. 2017, 139, 13616.

For further details, see the supporting information.

R. Awartani, K. Sakizadeh, B. Gabrielsen, J. Chem. Educ. 1986, 63,
172.



WILEY-VCH

Entry for the Table of Contents (Please choose one layout)

Layout 1:

COMMUNICATION

Text for Table of Contents Author(s), Corresponding Author(s)*

Page No. — Page No.
Title

((Insert TOC Graphic here))

Layout 2:

COMMUNICATION

R1\(NH2 activation
—_—
R? \I/Z
= deaminative strategy
= facile activation

= jsolated or in situ
= catalyst-free

visible light I R
_—

vié EDA complex

RZ

Deaminative Borylation. A deaminative strategy for the borylation of aliphatic
amines is described. Alkyl radicals derived from redox-active pyridinium salts were
borylated in a visible light-mediated reaction with bis(catecholato)diboron. The
synthetic potential of this method was demonstrated by late-stage functionalization
of natural products and drug molecules. The key electron-donor-acceptor complex
is characterized in detail by various experiments as well as computational

investigations.
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