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Bismuth-Catalyzed Amide Reduction

Xiuxiu Yang, Jennifer Kuziola®, Vanessa A. Béland®, Julia Busch, Markus Leutzsch,

Jordi Burés,* and Josep Cornella*

Abstract: In this article we report that a cationic version
of Akiba’s Bi™ complex catalyzes the reduction of
amides to amines using silane as hydride donor. The
catalytic system features low catalyst loadings and mild
conditions, en route to secondary and tertiary aryl- and
alkylamines. The system tolerates functional groups
such as alkene, ester, nitrile, furan and thiophene.
Kinetic studies on the reaction mechanism result in the
identification of a reaction network with an important
product inhibition that is in agreement with the exper-
imental reaction profiles. )

The non-toxicity associated to certain bismuth (Bi) salts"!
has led to an increasing number of reports studying their
potential applications, in particular, in the context of
synthetic chemistry.”) Whereas examples exploiting Bi’s
catalytic redox properties have only recently emerged,?%¢!
organic transformations capitalizing on the Lewis acidity of
Bi"" compounds are well-known and studied.”! The acidity
of bismuth is strongly related to the relativistic effects:
lowering the energies of frontier 6s and 6p orbitals is crucial
for the efficient coordination and further catalysis. Despite
the numerous examples based on this concept,”’] hydro-
genation/reduction reactions are largely underexplored.?
An efficient transfer hydrogenation of azo- and nitroarenes
from ammonia borane/H,O was realized by mononuclear Bi'
species supported by a N,C,N pincer ligand.”™ The strong
Lewis acidity of a cationic Bi™ complex reported by
Venugopal et al. has also recently been shown to efficiently
catalyze the hydrosilylation of olefins, aldehydes and
ketones.* It was postulated that the cationic Bi"" species
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can engage in the activation of Si—H bonds or the carbonyl
group depending on the conditions.*”! We envisaged that the
interesting Lewis acidic properties of cationic Bi"™

plexes would also be beneficial in the activation of more
challenging compounds such as amides, en route to valuable
amines. Amide bond formation is one of the most utilized
reactions in the synthetic chemistry space, and is a coveted
strategy for the synthesis of amines (Scheme 1A)."! Yet, as a
result of the resonance stability of amides, reduction of
amides are more challenging compared to other carbonyl
compounds.”) Although examples based on stoichiometric
reducing agents (LiAlH,, DIBAL-H, Red-Al, H, gas,
borane, etc.) and transition metal catalysis exist (Mn, Fe,
Ni, Zn, Mo, Ru, Rh, Ir, Pt, Sm),**” seldom examples are
known employing p-block elements as catalysts.™ Group 13
complexes based on boron and indium have indeed been

com-
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Scheme 1. A) Examples of amide reduction in pharma industries.
B) Strategies for amide reduction. C) Bi-catalyzed reduction of amides.
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reported;®™ ¥ yet, to the best of our knowledge, a single

example based on a group 15 catalyst (phosphorous) is
known.[*! Herein, we report the ability of a cationic bismuth
complex in catalyzing the hydrodeoxygenation of tertiary
and secondary amides, using a simple silane as H donor. The
high chemoselectivity of the catalyst permits the tolerance of
various functional groups, including nitriles, esters, ethers
and heterocycles. Detailed kinetic studies provided orders of
reaction of components and revealed that the resulting
amine product inhibits reactivity. We were also able to
provide a plausible reaction network capable of reproducing
all our experimental observations.

To tackle this synthetic challenge, we selected 1,1,3,3-
tetramethyldisiloxane (TMDSO) as H source since it is
cheap, moisture stable, neutral and has been widely ex-
plored in the reduction of functional groups.”’! Dimethyl
benzamide 8 was selected as the model substrate. The use of
10 mol % Lewis-acidic Bi(OTf); or BiCly/AgSbF, did not
lead to any reduction of 8 (Table 1, entries 1 and 2). On top
of this, we screened diaryl Bi'"" complexes featuring
supportive heteroatoms built into the ligand backbone.
Akiba’s complex 3, featuring a bis-benzyl N—'Bu amine,
gave 62% of 9 in C¢Dg at 70°C (entry 5). Sulfoximine- and
sulfoxide-based Bi'" catalysts (4, 5, 6, and 7) employed in

Table 1: Bi-catalyzed conversion of amides to amines: optimization of
the reaction conditions.

o
NMe [Bi catalyst] ©/\N’Me
) |
Me [Silane] Me
[Solvent]
8 70°C, 16 h 9
entry Bi catalyst (mol%) solvent  silane (equiv) yield (9)t!
1 BiCls/AgSbFg (10 mol%) CeDs TMDSO (5) <5%
2 Bi(OTf)3 (10 mol%) CeDs TMDSO (5) <5%
3 1/ AgSbFs (10 mol%) CeDs TMDSO (5) <5%
4 2/ AgSbFg (10 mol%) CeDs TMDSO (5) <5%
5 3/ AgSbFs (10 mol%) CeDs TMDSO (5) 62%
6 4/ AgSbFg (10 mol%) PhH TMDSO (5) <5%0)
7 5/ AgSbFg (10 mol%) CeDs TMDSO (5) <5%
8 6 (10 mol%) CeDs TMDSO (5) <5%
9 7 (10 mol%) CeDs TMDSO (5) <5%
10 3/ AgSbFs (10 mol%) CeDs TMDSO (2) 41%
11 3/ AgSbFs (2.5 mol%) MeCN TMDSO (2) 59 + 4%l
12 3/ AgSbFg (5 mol%) MeCN TMDSO (2) 92 + 2%l (85%)%
13 3 (10 mol%) MeCN TMDSO (5) <5%
14 AgSbFg (10 mol%) MeCN TMDSO (5) <5%
15 3/AgOTf (5 mol%) MeCN TMDSO (2) 95 + 4%
16 3/ AgBArF (5 mol%) MeCN TMDSO (2) 90%
17 3/AgBF4 (5 mol%) MeCN TMDSO (2) <5%
18 3/ AgPFs (5 mol%) MeCN TMDSO (2) <5%
19 3/ AgSbFs (5 mol%) MeCN PhSiH; (2) 42%
20 3/ AgSbFs (5 mol%) MeCN TMDSO (1) 58%
Me,
@/\ _-Ph (V\N/Me (\/\ _ Y
N N o= ’!\
<\ N | LD
Bi B{ Bi BI\
\CI Cl \c| cl
1 2 3 4

[o}
o) ! o=/

Ao s li\@ca

o X

Cl oTf

F;C 7

[a] Determined by integration relative to 1,3,5-trimethoxybenzene
internal standard. Detailed procedure can be found in the Supporting
Information. [b] Determined by integrations of amine/(amide +amine)
in the '"H NMR spectra. [c] Error values determined through quadruple
experiments. [d] Isolated yield.
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Bi"/Bi¥ redox processes failed to provide 9 (entries 6—
9).22fe1 The yield of 9 was optimized to 92 % by switching
to MeCN. We speculate that the coordinating ability of
MeCN plays a role in this boost of reactivity, through cation
stabilization. Control experiments revealed the requirement
of both AgSbF, and Bi in the system (entries 13 and 14). It
was found that the SbF,  anion can be substituted with
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (BArF)!' or
triflate (OTf) anions to give the same high optimized yield
(entries 15 and 16). However, the replacement of SbFy~ with
BF,” or PF;~ anions completely inhibits reactivity (entries 17
and 18), which indicates the important effect of the counter-
anion.™ Importantly, 2 equiv of PhSiH; resulted in 42 %
yield of 9 (entry 19 and see below).

Next, we explored the generality of the reduction
protocol. As shown in Scheme 2, benzamides of cyclic
secondary amines (piperidine, 10; morpholine, 11; pyrroli-
dine, 12) or acyclic (diethylamine, 13) amines were reduced
successfully under the optimized conditions. Benzamides of
hexylamine and aniline (both primary amines) were also
converted into the corresponding amines in good yields (14
and 15). Taking pyrrolidine as the model amine, the
carbonyl substituent was interrogated. In this sense, n-
extended (16) and ortho-Me substituted (17) were both
amenable. Heterocyclic furan (18) and thiophene (19) boded
well in this protocol. para-Substituted pyrrolidinebenza-
mides with halogens (F, C, Br, I, 20-23) or CF; (24) were
satisfactorily reduced in good yields. A silyl protected ether
could also be tolerated (25). Sensitive functional groups
amenable to reduction such as nitrile (26) or ester (27) were
tolerated. Electron-releasing substituents such as alkyl or
ether could be accommodated (28-30). Interestingly, the
symmetric tris-benzamide 30 was also reduced in good
yields. Alkene functionality (32) could be tolerated. Chal-
lenging amides derived from alkyl carboxylic acids, for
example, from cyclohexyl carboxylic acid such as 33 and 34
were successfully converted to amines. Moreover, non-cyclic
amides such as 35 or 36 were well accommodated. Finally,
cyclic 6 and 7-membered lactams provided the cyclic amine
in excellent yields (37 and 38). It is important to mention
that no intermediate or side product was detected in these
reactions, thus highlighting the high chemoselectivity of the
process. Yet, the byproduct of the silane was difficult to
trace and at present, we speculate is a polymeric based
siloxane (see Supporting Information).

In order to gain insight into the mechanism of the
transformation, we selected amide 12 and monitored the
conversion to 40 under standard reaction conditions. The
reaction profile showed a marked decline of rate over the
course of the reaction (Figure la), which could be due to
several reasons. One possible explanation for this behavior
could be related to the different reactivity of TMDSO-
derivatives detected during the reaction. We have confirmed
the formation of those hydride species during the reaction
by NMR (See Supporting Information). To verify if the
marked decline in rate of the reaction with TMDSO was
solely due to the reaction of different hydride species and to
avoid additional hurdles in the kinetic analysis, we decided
to switch the hydride source to PhSiH; for the kinetic

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U017 SUOWILWIOD BAITaID) 3|qed!|dde ay) Aq pausencb ae sspie YO ‘88N J0 sejni 1oy AriqiT 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBHW0D A8 | 1M AteIq Ul UO//:Sdny) SUOTIPUOD pue SWis | 8U188S *[£202/.0/T0] Uo AriqiTauliuo A8|IM * JeseydUe N JO A1sBAlUN 8Y L -Seing IpJor Aq Zr90EZ0Z 81Ue/200T 0T/I0p/W00 A8 | 1M Aseiq Ul |uo//sdny wo.j pepeojumod ‘0 ‘€LLETZST



GDCh
~~

Communications

Angewandte

intemationaldition’y) Chemie

@/\N/’Bu
] )\\ e
5-10 mol% Bi® X
o)
R A~ -R
A N
& TMDSO (2 equiv.) R
MeCN, 70 °C, 16 h
amide amine
X = SbF¢, OTf
X X x e 0 i
N
Ph” N Ph N/\ Ph” N Ph” “N” “Me Ph)LN Ph)LN/\/\/Me
K/O kMe H H

10, 81%® (65%) 11, 97% (87%) 12, 92%I2! (87%)

oo oo oo

18, X = 0, 92%"! (86%)
19, X = S, 96% (83%)

16, 84%l@ (74%) 17, 41%!% (40%)

o*a);o @*% o ol o

31, 95%!1(80%) 32, 80%"! (69%)

33, 80%"! (69%)

13, 60%2! (46%) 14, 42%!° (35%) 15, 50%® (15%)

20, X = F, 88% (67%) 26, X = CN, 89% (75%)

o
21, X = Cl, 90%! (75%) 27, X = CO,Me, 60% (42%)
N 22, X = Br, 86%! (81%) 28, X = Me, 89%! (68%)
23, X = 1, 73%! (64%) 29, X = Bu, 90%® (83%)
X

24, X = CF3, 91% (82%) 30, X = OMe, 94%! (82%)
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Scheme 2. Catalytic amide reduction. [a] [Bi/SbF¢] 5 mol %, 70°C, 20 h. [b] [Bi/OTf] 5 mol %, 70°C, 20 h. [c] [Bi/SbF¢] 10 mol %, 70°C,16 h. [d] [Bi/
SbFe] 5 mol %, 100°C, 20 h. [e] 1.2 equiv HBpin, heated with amide at 70°C for 2 h, then add [Bi/SbF¢] 5 mol % and silane and heat to 70°C, 20 h.
[f1 [Bi/SbFg] 15 mol %, 70°C, 20 h. Yields were calculated by quantitative '"H NMR using 1,3,5-trimethoxybenzene as internal standard, while those

in brackets are isolated yields.

studies. PhSiH; is a well-behaved hydride source that did
not form any NMR-detectable hydride intermediate species
and transferred two hydrides per molecule, as proven by the
reaction stopping at 66 % yield when using 0.66 equivalents
of PhSiH; (Figure 1b). Despite the absence of hydride
intermediates, reactions with excess of PhSiH; also had a
marked decline of rate during the course of the reaction
(Figure 1c, blue circles). Another possible reason for this
kinetic behavior could be the deactivation of the catalyst,
for example, through the reduction of the Bi—C bond by
silanes." To investigate the possibility of catalyst deactiva-
tion, we performed same excess experiments (Figure lc,
green squares). Indeed, this reaction was much quicker than
the standard reaction (Figure Ic, blue circles), which
indicates catalyst deactivation or product inhibition. To
discern between these two possibilities, we ran a same-
excess reaction with product added. The overlap between
the reaction profile of the standard reaction (Figure 1c, blue
circles) and the time-shifted reaction profile of the same-
excess reaction with product added (Figure lc, red dia-
monds) demonstrates the absence of significant catalyst
deactivation and evidences an important inhibition of the
catalyst by the product of the reaction. This is likely due to

Angew. Chem. Int. Ed. 2023, 202306447 (3 of 5)

the stronger coordination ability of the amine compared to
the amide for Bi'" complexes.["”!

When we reduced (Figure 1d, red diamonds) or in-
creased (Figure 1d, green squares) the concentration of
PhSiH; with respect to the standard reaction (Figure 1d,
blue circles), the initial rates of the reaction slightly
increased, but the conversion after 10 h of reaction was not
significantly affected. The nonlinear dependency of the rate
of the reaction with respect to the concentration of PhSiH;
suggests a complex reaction mechanism.

To test if higher concentrations of amide could mitigate
the inhibition of the catalyst by the product, we ran three
experiments with different initial concentration of amide
(Figure 1le). Reactions with higher initial concentrations of
amide 12 (Figure le, green squares) maintained the quicker
kinetic regime during more turnovers since higher concen-
trations of product were required to outcompete the
coordination of the starting material to the catalyst.

Using variable time normalization analysis (VTNA),!'!
we have estimated a positive partial order in amide 12 of
around 0.4 (Figure 1f) at the beginning of the reaction,
where the effect of the product (40) on the rate of the
reaction is negligible ([40]<0.04 M). The partial order is
consistent with a mechanism including a reversible coordina-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Kinetic data for the Bi-catalyzed reduction of amides. Fig-

ure Ta and 1b show conversion as [40]/([12] +[40])-100 in the y-axis. All
reaction conditions and initial concentrations can be found in the
Supporting Information.

tion of the amide to the catalyst under the reaction
conditions.

We also investigated the effect of the concentration of
catalyst on the rate of the reaction (Figure 1g). As in the
case of the amide, we have analyzed the beginning of the
reaction profiles ([P] <0.04 M) to minimize the interference
of the product inhibition in the rate of the reaction. The
analysis of the normalized-time scale!'” reaction profiles of
three reactions with different initial concentration of catalyst
revealed a standard order 1 in catalyst (Figure 1h). This is
consistent with a mechanism that does not involve signifi-
cant amounts of neither active nor inactive dimeric or higher
order bismuth species.
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Communications

Angewandte

intemationaldition’y) Chemie

To investigate the mechanism of the reaction further
we have used kinetic modelling software to explore the
fitting of the experimental kinetic data to several kinetic
models shown in Figure 2 (see Supporting Information). In
total, we have used seven reaction profiles for the fitting:
the profiles for the standard reaction and for reactions with
higher and lower initial concentrations of PhSiH;, amide 12
or Bi catalyst than the standard reaction. Fitting all
reaction profiles is very challenging for most of the models
due to the intrinsic complexity of each profile, and the
diversity of initial reaction conditions explored among all
seven experiments. Indeed, mechanisms involving catalytic
species of bismuth only able to coordinate one molecule of
amide, hydride or product at a time are insufficient to
capture the full mechanistic complexity of the system (M1-
M4, see Supporting Information). However, M5, which
contains catalytic species with up to two silanes, amides or
amines coordinated to the same bismuth catalyst is flexible
enough to fit all the experimental data reasonably well.
This is not unreasonable given the dramatic influence of
the coordinating pendant amine in reactivity and the ability
of cationic diarylbismuth(III) complexes for hypervalent
3c—4e bonding in the p orbital.?*"! Importantly, M5
predicts with high accuracy the kinetics of the same-excess
experiment even though its profile was not used in the
original fitting. Also, it is remarkable that M5 reproduces
the unexpected changes on kinetic regimes occurring at
different conversions for different catalyst loadings, despite
not containing dimeric bismuth catalytic species, nor
catalyst deactivation steps.

M1 M2

AR /11\

catB —>catP<—catA catB catP
catAB
M3 M4
catdecomp
cat
/ ” \ cat

catB catP cam’/_ic],L:ECﬂA
\_I_/catl / N

catByecomp catP‘,ecomp catAgecomp

M5
cat

/J\

catB —» catP <— catA

N

catB, —>catBP—> catP, <—catAP<— catA,

Figure 2. Selection of 5 kinetic models considered for the fitting of the
experimental data. A: amide; B: PhSiH;; cat: catalyst. See Supporting
Information for the complete list of models considered and fittings.
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In conclusion, we have developed a protocol for the
reduction of amides using a cationic Bi"" precursor as
catalyst. The protocol is characterized by the compatibility
of Bi"™" with a silane, which allows the reduction of >25
aliphatic and aromatic amides. In this manner, a variety of
tertiary and secondary amines can be obtained in good to
excellent yields. Mechanistic studies on a model reaction
using PhSiHj; revealed that at the initial stages, the reaction
is order one in Bi, which suggests monomeric species being
dominant. It was found that at high concentrations of amine,
the reaction became slower due to competing coordination
at the Bi center, thus ruling out possible catalyst decom-
position pathways. Finally, a putative reaction network that
enables the catalyst to engage with two components
satisfactorily reproduces the experimental data. More im-
portantly, the kinetic model MS is also able to predict
kinetic behavior which was not used as a source of data to
generate it. This protocol represents one of the first attempts
to elucidate catalytic mechanisms based on Bi using
VINA.!M
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We report a protocol for the reduction of  variety of functional groups can be

amides to amines using a cationic Bi"

catalyst with a tridentate ligand frame-
work in combination with a simple and
cheap silane as the reducing agent.
Various amides can be reduced and a
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tolerated. Kinetic analyses and model-
ling were used to elucidate the orders of
each component and to generate a
kinetic model that is in agreement with
the observed experimental data.
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