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Abstract

We report a Cu-catalysed oxidative coupling of aliphatic amines with benzylic and aliphatic boronic esters
to give high value alkyl amines, products found widely in applications from medicinal chemistry to materials
science. This operationally simple reaction, which can be performed on gram scale, runs under mild
conditions and exhibits broad functional group tolerance. The terminal oxidant of the reaction is O, from
the air, avoiding the need for additional chemical oxidants. Investigation into the reaction mechanism
suggests that the boronic ester is activated by an aminyl radical, formed through oxidation of the amine by
the Cu catalyst, to give a key alkyl radical intermediate. To demonstrate its utility and potential for late-
stage functionalization, we showcase the method as the final step in the total synthesis of a TRPV1
antagonist.

Keywords: amination, amines, boron, Chan-Lam, copper

Methods to form C-N bonds are of high synthetic value due to the wide prevalence of N-based functional
groups in biologically active compounds, functional materials, and catalysts. Advances in transition metal
catalysis have made methods to form of Csp?-N bonds become synthetically reliable and routinely used.*™
However, perhaps the preparation of alkyl amines is now a greater synthetic challenge.’’ Traditional
methods to make alkyl amines, such as alkylation reactions and reductive amination'*!? often suffer from
poor selectivity and the need for protecting group strategies. Other methods to form alkyl amines, such as
hydrogenation®® and biocatalysis'*™® strategies are excellent particularly for process chemistry applications,
but are less easily applied in discovery chemistry settings. A practical and reliable cross coupling method for
the formation of alkyl amines is therefore desirable, comparable to versatility of the Buchwald-Hartwig
reaction for the formation of aryl amines.”

Our approach to this challenge has been to develop an alkyl variant of the Chan-Lam amination, the
oxidative coupling of an organoboron reagent with an N-based nucleophile. We and others have made
some progress in this field (scheme 1),'¥2% but there is room for improvement particularly in the scope of
reaction of both amine and boron coupling partners. Herein, we describe conditions for the Cu-catalysed
amination of alkylboronic esters with aliphatic amines, coupling partners that have previously been found
challenging in alkyl Chan-Lam reactions.?® Importantly, our method uses O, from air (at atmospheric
pressure) as the terminal oxidant, rather than a peroxide-based oxidant (which may pose an additional
safety risk), making the reaction easy to perform.?®
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Scheme 1: Previous examples of Chan-Lam amination with alkylboron reagents.

Discussion:

We initially found that by heating boronic ester 1 with CuBr; in neat morpholine, amine 2 was formed in
guantitative yield (Table 1, entry 1). While this provided proof of concept, it was clear that we needed to
reduce the loading of amine and identify a suitable solvent to generate a more general procedure. After
investigating a range of Cu-salts and ancillary ligands, we identified that conducting the reaction under air
using a combination of CuBr, and N,O-ligand L1 in toluene gave amine 2 in high yield (entry 2).2® While
ketone 3 and alcohol 4 side products were also observed, unlike our previous findings'®?’ these were only
formed in moderate amounts. A survey of ligands, including chiral ligands L2 and L3, gave little
improvement (entry 3-4). Investigation of the reaction solvent led to improved results. While the use of
many solvents led to formation of amine 2 in good vyield (see SI for more details), amination was not
sufficiently selective with ketone 3 and alcohol 4 side products formed in significant levels. The presence of
these side products can make product isolation for some substrates challenging, and so more selective
conditions are desirable. A 1:1 mixture of toluene/isopropanol was found to give a high yield of amine 2
with minimal oxidation side products (entry 5). Under these conditions, the loading of CuBr, could be
reduced to 10 mol% without loss of yield. However, a compromise is needed between loading of amine and
yield of 2 (entries 6-7). A control experiment with CuBr, but without ligand suggested that the presence of
L1 had minimal effect on the reaction (entry 8). We therefore believe the likely effect of ligands, such as L1-
L3, is to aid solubilisation of CuBr,, rather than generate discrete Cu complexes that act as a catalyst. This
perhaps explains why all reactions we have conducted using chiral ligands have generated 2 as a racemate.
Other control experiments showed that CuBr; is required for amination to occur (entry 9). Under an inert
atmosphere only trace amounts of amine 2 was formed (entry 10), suggesting that O, is the terminal
oxidant in the reaction. By switching the limiting reagent to morpholine (entry 11), and using an excess of
boronic ester 1, amine 2 was still formed albeit in moderate yield. Finally, our best conditions (entry 8)
were successfully performed on gram scale, with amine 2 isolated in excellent yield (scheme 2).
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Table 1: Evaluation of reaction conditions on the yield of amine 2.2

CuBr; (xx mol%)

o
B(pin) [ j L (xx mol%) [ j 0 OH
Ph)\ N PhJ\ Ph)\
H

solvent
80 °C, air, 18 h Ph
1 2 3 4
Entr CuBr2 L Amine solvent Yield
y mol% | (mol%) | equiv. 1 2 3 4
1» | 100 - 40 - <5% | >95% | <5% | -
2¢ 25 L1 (25) 4 toluene <5% | 81% 9% 10%
3¢ | 25 |12(25 | 40 - <5% | 95%¢ | - -
44 25 L3 (25) 40 - <5% | 67%° - -
| IPA
5 5 |Li@Es)| a4 |f° “(el”f)/ <5% | 95% | <5 | 2%
tol IPA
6 10 |10 | a4 |° ”(el”le)/ <5% | 95% | 3% | -
7 | 10 |t1@o)| 3 t°'“(elr?1e)/ PA L s | 79% | 6% | -
8 10 - 35 | toluene/IPAT oo | 9o | 0% | -
(2:1)
| IPA
9 0 - 35 | “(el”f)/ <5% | <5% | 4% | 58%
| IPA
10° | 10 - 35 | “(el”f)/ 93% | 3% | 0% | 0%
11 | 10 . 1 t°'”(elr_‘1e)/ PA | 20me | a69% | 35%¢ | 12%¢
OH
.n||Pr

L1

a) Reactions performed using 0.5 mmol of boronic ester 1 unless otherwise stated. Yields determined by *H NMR analysis using
1,3,5-trimethoxybenzene as an internal standard. b) reaction carried out under an inert atmosphere. c) reaction carried out at 60
°C. d) reaction carried out at 40 °C. e) formed as a racemate. f) reaction using morpholine as the limiting reagent and 3.5
equivalents of boronic ester 1. g) yield based on amount of boronic ester 1 instead of the limiting reagent. IPA = isopropyl alcohol.

We next looked to explore the scope and limitations of our reaction conditions (scheme 2). Pleasingly, a
broad range of secondary amines could be coupled in good to excellent yield with boronic ester 1. This
includes simple cyclic amines such as pyrrolidine, piperidine and azepane (5a-5c). Substituted piperidines
(5d-5e) and mono-protected piperazines (5i-5k) were also tolerated well. The coupling of amines of
relevance to medicinal chemistry including difluoropiperidine (5d)?® and bicyclic amine (5h)* was
successful. Acyclic secondary amines could also be reacted successfully (51-5p), though the yield is typically
a slightly lower. Pleasingly, the reaction conditions are also successful when coupling primary aliphatic
amines (5¢-5s), the first time these have been reported in an alkyl Chan-Lam reaction with boronic esters.
The vyield of reactions with these amines are generally lower, which correlates with the lower
nucleophilicity of primary versus secondary amines. Anilines can also be successfully coupled (5t-5v),
although the vyield is typically lower than with our previously reported conditions.3® Unfortunately, the
coupling of benzylamine, and a-amino acids and esters was not successful. In the case of amino acids (and
corresponding ester), presumably coordination of both the carbonyl and amine to Cu leading to inactive
complexes. Overall, the process shows excellent functional group tolerance, including groups such as
acetals, alcohols, nitriles, sulfonamides and tertiary amines.
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Scheme 2: Scope of amines in the amination of boronic ester 1. Reactions were conducted on a 0.5 mmol scale. Yields reported are
of isolated material of the corresponding product unless otherwise stated. a) Yield determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as an internal standard.

We were keen to test the stereoselectivity of the reaction. However, attempts to use enantiomerically
enriched boronic ester (S)-1 only resulted in the formation of racemic product. To investigate this further,
we stopped the reaction early allowing the isolation of unreacted boronic ester 1. Chiral HPLC analysis
confirmed that the boronic ester had not undergone racemisation under the reaction conditions.
Furthermore, we explored whether the reaction is diastereoselective when coupling chiral amines (5w-5z).
In each case, essentially a 1:1 d.r. of the respective product was observed. Attempts to use amines with
larger substituents at the 2-position were unsuccessful, presumably due reaching the reaction’s limit of
steric congestion.

The stereoablative nature of the amination reaction is consistent with the formation of an alkyl radical
intermediate. However, we cannot rule out at this stage the formation of an alkyl copper intermediate,
which have been reported to be configurationally unstable above -50 °C.3! To probe the possibility of a
radical intermediate, we performed the amination of cyclopropane 6 in a radical clock experiment (eq 1).
This resulted in a mixture of two amines, amine 7 with the cyclopropane intact and amine 8 in which the
cyclopropane ring has opened. This suggests a radical intermediate is formed, with recombination
occurring on a similar timescale to cyclopropane ring opening.?
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To gather further evidence, we performed experiments in which we added TEMPO, known to form adducts
with alkyl radicals, to our reaction. Adduct 9 was observed in each case, suggesting that the boronic ester
acts as an alkyl radical precursor. When 1 equivalent of TEMPO was used, the major product from the
reaction was adduct 9. However, when 10 mol% of both TEMPO and CuBr; were added, amine 2 still was
formed in high yield along with 10% of adduct 9. This suggests that TEMPO does not irreversibly inhibit the
copper catalyst.

While formation of alkyl radicals from alkylboronic esters has been previously reported, this typically
requires prior formation of a boron ‘ate’ complex through coordination of an alkoxide, pyridine or aryl
lithium.?*3® However, such an ‘ate’ complex was not observed by H or B NMR spectroscopy when
analysing mixtures of boronic ester 1 with morpholine in the presence of isopropanol.?®

To investigate this further, we conducted a series of cyclic voltammetry experiments. Boronic ester 1
showed a high oxidation potential (Eo, >1.44 V) in MeCN (figure 1a).*° The voltammogram of CuBr, does not
change in the presence of the boronic ester, suggesting there is not a direct interaction between 1 and the
Cu salt. However, cyclic voltammetry of a mixture of morpholine and 1 does show the formation of a new
peak (oxidation potential of £y = 1.25 V; figure 1b). Given that this is greater than the oxidation potential of
morpholine (E,c = 0.81 V), we suggest this could arise from a new species generated upon interaction of 1
and a morpholine radical, which can be oxidised at a lower potential than the boronic ester without
activation. Aminyl radicals have been reported to react with trialkylboranes®*®*? and alkylboronic esters*344
leading to the formation of alkyl radicals.

https://doi.org/10.26434/chemrxiv-2022-hdxdn-v4 ORCID: https://orcid.org/0000-0002-8550-9994 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-hdxdn-v4
https://orcid.org/0000-0002-8550-9994
https://creativecommons.org/licenses/by-nc-nd/4.0/

Current (LLA)

-80 EvsFc/Fe™ (V)

50
40

30

Current (pA)

10

0 0.5 1 1.5
-10
EvsFc/Fc™ (V)

Figure 1: Cyclic voltammetry experiments, conducted in MeCN under N; using nBusNPFg as the electrolyte, of a) boronic ester 1 and
CuBr,, and b) boronic ester 1 and morpholine.

To further understand the nature of the radical intermediates formed during the amination reaction, EPR
studies were performed using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap. Analysis of a
solution of CuBr; in toluene:IPA (1:1) showed an intense, broad EPR signal at around 3150 G. This signal did
not change upon addition of boronic ester 1 suggesting that the electronic structure of Cu does not change
in the presence of the boronic ester. This is consistent with the cyclic voltammetry data above (Figure 1a).
When a mixture of morpholine and CuBr, was analysed, a different EPR signal was observed, presumably in
part due to ligation of morpholine to Cu (Figure S1). When CuBr, with morpholine, or CuBr; with boronic
ester 1, samples were measured in the presence of DMPO, the Cu(ll) EPR signal disappears, presumably due
to reduction of Cu(ll) to Cu(l) (Figure S2). Reduction and regeneration of the Cu(ll) signals are observed in
the reaction mixtures of CuBr, with morpholine, or CuBr, with boronic ester 1 and morpholine, even in the
absence of DMPO (Figure S3). However, this process is slow (Figure S3). This implies that Cu(ll) reduction
and regeneration is part of the catalytic cycle and this process is enhanced in the presence of DMPO (Figure
S2). No DMPO-adduct signals were detected for CuBr, with boronic ester 1 (Figure 2A, red trace). However,
for CuBr, with morpholine a new signal is observed (Figure 2A, black trace) which increases steadily with
time (Figure 2B). This spectrum is consistent with literature data for aminyl-radical adducts of DMPO.%
When a mixture of CuBr, with morpholine and boronic ester 1 was measured with DMPO, complex EPR
spectra were observed due to multiple DMPO-adducts (Figure 2C).*¢%” We could model the spectra as a
mixture of three components (Figure S4): (1) a DMPO-morpholine radical adduct, with the same
parameters as the species found in the absence 1, and which is the dominant species (2) a carbon-centred
DMPO-R adduct, and (3) an unknown radical with triplet-of-doublets spectrum that increases for more than
12 hours. The spectrum of this unknown radical is possibly due to decomposition of the primary DMPO-
adducts, but is not consistent with the oxidation product DMPOX which is often seen in DMPO spin
trapping experiments.*® While the exact identity of the DMPO-R species cannot be uniquely determined
from this data, a benzylic radical would be consistent with the TEMPO-trapping experiment above (eq 2).
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Figure 2: Data from EPR experiments, performed in solutions of toluene:IPA (1:1) at 80 °C.a) EPR spectra for CuBr, + morpholine +
DMPO (black trace) and CuBr; + boronic ester 1 + DMPO (red trace); b) Plot of EPR signal intensity at 3362 G versus time for a
solution of CuBr, + morpholine + DMPO; c) EPR spectra of a mixture of CuBr, + morpholine + boronic ester 1 + DMPO collected
~ 100 minutes after mixing (black trace) and of DMPO (red trace) as a negative control.

Based on the experimental data above, we tentatively propose a reaction mechanism outlined in Scheme 3.
This involves oxidation of the amine 18 by a Cu(ll) complex 20,* to generate an aminyl radical 19 and Cu(l)
complex 21. Aminyl radical 19 can then combine with alkylboronic ester 17 to give intermediate 16, which
can undergo homolytic bond cleavage to generate alkyl radical 14 and boronate 15. The alkyl radical 14 can
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then combine with an amino Cu(ll) complex 10, leading to a Cu(lll) complex 12 that can undergo reductive
elimination to give the alkyl amine product 12 and a Cu(l) complex 13. Re-oxidation of Cu(l) complexes 13
and 21 by O, from air regenerates Cu(ll) complexes 10 and 20 respectively. The fact that two equivalents of
amine are consumed in the proposed mechanism presumably explains why the yield of amination is
reduced with lower amine loadings or when the amine is the limiting reagent. Further investigations into
elucidating this complex reaction mechanism are ongoing.

R,N—B(pin) )
Tt
Alkyl” <

o_ 0 Alkyl—B(pin)
OoH _NR, 14 g7
Cu\ 7\
120, X &\ Alkyl” NR,
HNR. 10 16 Nk
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[
13 X
Y HNR, + CuXy CuX + R,NH-HX
Alkyl—NR, 20 21
12
Con 112 0,

Scheme 3: Proposed mechanism for Cu-catalysed amination reaction.

We have also explored the scope of reaction with respect to the boronic ester (scheme 4). A range of
secondary benzylic boronic esters were successfully reacted with morpholine in good to excellent yield.
Varying the electronics of the substitutes on the aryl ring of the boronic ester did not lead to great variation
in yield. However, the reaction of boronic esters with more electron donating MeO- (23a) or electron
withdrawing CF3- (23g) substituents showed a small reduction in yield, in part to a small increase in
corresponding alcohol and ketone side products observed in the crude reaction mixture. Methyl ester-
containing boronic ester was also successfully reacted (23f), though a change of reaction solvent to PrOAc
was made to avoid formation of the corresponding isopropyl ester trans-esterification side product, which
was observed when using the standard IPA/toluene solvent system. However, the yield of amination is
reduced compared with our standard conditions, in part due to larger quantities of alcohol and ketone side
products observed when using the alternative reaction solvent. Importantly, aryl bromides and chlorides
(23e, 23i, 23j, 23v) were tolerated, with no products from Ullmann-Goldberg amination observed. In
addition, functional groups including azides, ethers and indole were also tolerated. Pleasingly, an alkyl
chloride was also tolerated, with no products of amination through nucleophilic substitution observed in
the reaction mixture (230). A primary benzylic boronic ester was also successfully coupled in high yield
(23r).
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Scheme 4: Scope of amination with respect to the boronic ester substrate. Reactions were conducted using 0.5 mmol of boronic
ester unless otherwise stated. Yields reported are of isolated material of the corresponding product. @ Using PrOAc as reaction
solvent instead of IPA/Toluene.® Yield determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.

The amination reaction was also successful with primary and secondary aliphatic boronic esters. Primary
alkylboronic esters could be coupled (23s-23x) in good vyield, though with slightly reduced efficiency
compared with benzylic boronic esters. While less reactive still, we could also form the amination product
23y from a secondary aliphatic boronic ester.
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Subjecting tertiary boronic esters 24a and 24b to our reaction conditions did lead to formation of a
C-tertiary amines 25a and 25b, albeit in lower yield compared to our previous results when coupling
anilines.?® In reaction of 24a, the corresponding alkene 25 was formed as the major product from the
mixture. Unfortunately, tert-butyl boronic ester was found to be unreactive under these reaction
conditions.

Finally, we wanted to apply our amination reaction as the final step in the synthesis of a complex molecule,
to simulate how the method could be used in a discovery chemistry scenario. We targeted amine 28, a
TRVP1 inhibitor which is a potential treatment for chronic pain.>? Due to the poor solubility of 27 in most
organic solvents, we required the use of DMSO as reaction solvent in which 27 was partially soluble.
Despite this, and without further optimisation, amine 28 could be isolated successfully, and in a yield that
would allow the material to be tested for its biological activity. We therefore believe our method could find
application in settings such as medicinal chemistry, and allow chemists to develop structure-activity
relationships through the coupling of a common advanced amine or boronic ester intermediates.

Conclusions:

In conclusion, we have developed conditions for the Cu-catalyzed amination of alkylboronic esters with
aliphatic amines. This method expands the scope of the alkyl Chan-Lam reaction, enabling, the coupling of
both primary and secondary alkyl amines with aliphatic boronic esters for the first time. Of note, the
method uses oxygen from air as the terminal oxidant for the reaction, without need for additional chemical
oxidants. The reaction conditions tolerate a broad range of functional groups, and have been applied
successfully as the final step in the synthesis of a TRVP1 inhibitor. Mechanistic studies suggest that the
reaction proceeds via an alkyl radical intermediate, generated from the boronic ester upon activation by an
aminyl radical. The investigation of related Cu-catalyzed oxidative couplings of alkylboron reagents is
ongoing, and will be reported in due course.
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