
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

4.
11

.2
02

5 
17

:5
6:

19
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Lewis acid media
aProcess Research & Development, MRL, Mer

Point, PA 19486, USA. E-mail: marion.emme
bComputational and Structural Chemistry, M

Rahway, NJ 07065, USA. E-mail: cyndi.he@
cDiscovery Chemistry, MRL, Merck & Co. In

19486, USA

† Electronic supplementary information
procedures, characterization data for
calculations. See DOI: 10.1039/d0sc06868

‡ The manuscript was written through co
have given approval to the nal version o

Cite this: Chem. Sci., 2021, 12, 3890

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 16th December 2020
Accepted 2nd February 2021

DOI: 10.1039/d0sc06868c

rsc.li/chemical-science

3890 | Chem. Sci., 2021, 12, 3890–38
ted, mild C–H aminoalkylation of
azoles via three component coupling†

Marion H. Emmert, ‡*a Cyndi Qixin He, ‡*b Akshay A. Shah ‡c

and Stephanie Felten ‡a

This manuscript reports the development of a mild, highly functional group tolerant and metal-free C–H

aminoalkylation of azoles via a three-component coupling approach. This method enables the C–H

functionalization of diverse azole substrates, such as oxazoles, benzoxazoles, thiazoles, benzothiazoles,

imidazoles, and benzimidazoles. DFT calculations identify a key deprotonation equilibrium in the

mechanism of the reaction. Using DFT as a predictive tool, the C–H aminoalkylation of initially

unreactive substrates (imidazoles/benzimidazoles) can be enabled through an in situ protecting/

activating group strategy. The DFT-supported mechanistic pathway proposes key interactions between

the azole substrate and the Lewis acid/base pair TBSOTf/EtNiPr2 that lead to azole activation by

deprotonation, followed by C–C bond formation between a carbene intermediate and an iminium

electrophile. Two diverse approaches are demonstrated to explore the amine substrate scope: (i) a DFT-

guided predictive analysis of amine components that relates reactivity to distortion of the iminium

intermediates in the computed transition state structures; and (ii) a parallel medicinal chemistry workflow

enabling synthesis and isolation of several diversified products at the same time. Overall, the presented

work enables a metal-free approach to azole C–H functionalization via Lewis acid mediated azole C–H

deprotonation, demonstrating the potential of a readily available, Si-based Lewis acid to mediate new

C–C bond formations.
Introduction

Functionalized azole scaffolds are common target molecules in
drug discovery. However, efficient diversifying routes towards
these building blocks are underdeveloped. Typical approaches
to access such chemical matter include multi-step, de novo
syntheses of the azole core through condensation approaches.1

Under the framework of a recent drug discovery program, azoles
with pendant amino groups in alpha-position became an
important structural class (Scheme 1). However, the rapid
diversication of the chemical matter was limited by the lengthy
de novo syntheses as well as by substrate-dependent synthetic
success of assembling different azole cores from alpha-bromo
ketones, NH3 (or a surrogate), and complex a-amino acids
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(Scheme 1, le side).1 Therefore, we envisioned a different
disconnection: direct C–H functionalization of the azole core
with iminium electrophiles, thereby opening the door to one-
step access to the desired structures and 3-component
couplings, if the iminium electrophile can be accessed in situ
from aldehyde and amine precursors (Scheme 1, right side).2

This strategy would also contribute to establishing more
general and synthetically useful methods for azole C–H alkylation,
which are generally challenging transformations. In fact, most
azole C–H alkylation methods are promoted by transition metals
and require forcing conditions, such as high temperatures, stoi-
chiometric amounts of strong bases, and high catalyst loadings.3–5

Although various metal-free azole C–H alkylations are reported in
the literature,2b,3,6 no examples of direct C–H aminoalkylations of
azoles under mild reaction conditions have been described.
Scheme 1 De novo synthesis of alpha-amino azoles requiring pre-
functionalized building blocks (left) and target transformation (right) to
allow rapid diversification viaC–H functionalization and in situ iminium
formation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Lewis-acid promoted, redox-neutral, one-pot, three-
component azole C–H aminoalkylation & proposed mechanism.

Scheme 4 Metal-free formation of desired C–H aminoalkylation
product. LCAP ¼ LC area percent.
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Addressing these limitations, this manuscript describes
a Lewis acid promoted direct C–H functionalization of azole
substrates, which proceeds under mild conditions (Scheme 2).
Trapping the in situ generated iminium electrophile with an
azole nucleophile produces a diversity of heterocyclic structures
in a three-component coupling approach.

The mildness of the protocol is showcased by its ability to
proceed in the presence of reactive functional groups such as
amides, heterocycles, alkynes, and even enolizable ketones.
Furthermore, its compatibility with a parallel medicinal chem-
istry workow has been demonstrated, allowing access to
compound arrays in parallel. Data from reaction optimization
and DFT calculations support the need for Lewis acid and
amine base to act in concert for successful C–H amino-
alkylation, supporting the intermediacy of a silylated carbene as
the key reactive species in these reactions.
Results and discussion
Reaction design and optimizations

We initially reasoned that synthesis of the highly functionalized
target compounds could be achieved by direct C–H function-
alization of azoles4–6 with an in situ formed iminium electro-
phile (Scheme 3); the procedure for forming the iminium
intermediates was inspired by conditions used in Doyle's
reductive three-component coupling.7 A reaction optimization
screen (solvents, temperature, metal catalyst precursors,
ligands, bases, acids; for details see ESI†) via high throughput
experimentation led to the discovery that C–H aminoalkylation
of benzoxazole at the 2-position was successful (39 LCAP; LCAP
¼ LC area percent) when the azole was reacted with the in situ
formed iminium electrophile in DME – even in the absence of
any metal catalyst (Scheme 4).

A multidimensional optimization of reactant loadings
(Scheme 5; 1.0 to 3.0 eq. TBSOTf, 1.0 to 2.5 eq. benzoxazole, 1.0
to 2.0 eq. TMS–NEt2) revealed that all varied reaction compo-
nents showed a signicant inuence on the reaction outcome.
Scheme 3 Desired target compounds and reaction design for C–H
aminoalkylation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The highest assay yields (65–66% AY; determined by calibrated
UPLC analysis) were obtained under conditions with an excess
of both basic and acidic reactants (2.5 or 3.0 eq. TBSOTf, 2.0 eq.
TMS–NEt2, 1.5 eq. benzoxazole). These ndings imply that high
concentrations of acidic reagent (TBSOTf) and basic reagents
promote high yields. As both basic components of the reaction
mixture (TMS–NEt2, benzoxazole) contribute to the skeletal
atoms of the desired product, reducing the required stoichi-
ometry (ideally to 1 : 1) is highly desirable.

We reasoned that substituting the excess of basic reactants
with an exogenous base may result in even better conversion and
higher efficiency. To test this hypothesis, we surveyed the effects
of ve base additives (pyridine, EtNiPr2, DBU, NMO, 2,6-lutidine;
Scheme 6) at two different loadings (0.5 eq. and 1.0 eq.) in the
presence of two concentrations of TMS–NEt2 (1.25 eq. and 2.0
eq.). In this series, most of the tested conditions afforded yields
close to 50%AY. The highest yield was obtainedwith the sterically
bulky base EtNiPr2 (1.0 eq.) in combination with 1.25 eq. TMS–
NEt2 (96% AY), while other common bases (pyridine, 2,6-lutidine)
were detrimental to the reactivity under analogous conditions
(22% and 17% AY, respectively; 1.0 eq. base, 1.25 eq. TMS–NEt2).

Mechanistic hypothesis

Based on the data presented above, both TBSOTf and bases
promote the reaction. Among the tested bases, EtNiPr2 is the
most bulky base, but not the most basic (pKa's of the corre-
sponding protonated ammonium acids: 5.2 – pyridine;8 6.6 –
Scheme 5 Optimization via high-throughput screening: influence of 3
variables (benzoxazole, TBSOTf, and Et2NTMS loading) on product
yield. AY ¼ assay yield, as determined by calibrated UPLC analysis (210
nm), using biphenyl as internal standard.

Chem. Sci., 2021, 12, 3890–3897 | 3891
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Scheme 6 High throughput screen: base optimization. AY ¼ assay
yield, as determined by calibrated UPLC analysis (210 nm), using
biphenyl as internal standard.
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2,6-lutidine;8 9.2 – NMO;9 10.5 – EtNiPr2;10 12 – DBU11). This
suggests that steric hindrance around the base lone pair is
benecial for the overall reaction outcome. The inuence of
steric bulk on chemical reactivity of acids and bases has been
documented particularly in investigations of Frustrated Lewis
Pairs (FLPs);12 the results from the amine screen described in
the last paragraph thus led us to hypothesize that steric factors
between EtNiPr2 and TBSOTf may weaken the interaction
between this Lewis base and acid pair and in turn enable effi-
cient reactivity.

Based on this reasoning, our mechanistic hypothesis
(Scheme 7) assigns important roles to EtNiPr2 and TBSOTf: we
propose that the TBSOTf rst reacts with the azole substrate 1 to
form silylated intermediate 2, which then undergoes deproto-
nation. In a subsequent reaction step inspired by the mecha-
nism of the Stetter reaction,13 the formed carbene 3 undergoes
C–C bond formation with the pre-formed iminium electrophile
4. Hydrolysis of 5 during workup and/or isolation leads to the
nal product 6.

Preliminary experimental studies that react 1 with TBSOTf,
iPr2NEt, and TfOH–D1 indeed detect mass spectroscopic
evidence for 2 as well as deuterium incorporation in 1. These
data (see ESI† for details) support the accessibility of a depro-
tonated species such as 3 under the tested conditions.

DFT support for deprotonation pathway

DFT calculations were performed to gain further insight into
the thermodynamic and kinetic features of the proposed
Scheme 7 Proposed reaction mechanism via Lewis acid mediated
azole deprotonation.

3892 | Chem. Sci., 2021, 12, 3890–3897
mechanistic pathway. Scheme 8A details the obtained thermo-
dynamics of deprotonation and C–C bond formation. Without
silylation at the N-atom of benzoxazole, deprotonation of the
C–H bond at the 2-position is highly endergonic (eqn (1); DG ¼
+32.4 kcal mol�1) and thus unlikely to occur. Silylation with TBS
(eqn (2)) activates this position and drastically shis the
deprotonation equilibrium by over 26 kcal mol�1 (DG ¼
+6.0 kcal mol�1). Finally, the energetics of the C–C bond
formation step (eqn (3); DG ¼ �10.2 kcal mol�1) are exergonic,
Scheme 8 (A) Calculated thermodynamics for deprotonation equi-
libria and C–C bond formation with benzoxazole and silylated ben-
zoxazole. (B) HOMO of silylated benzoxazole. (C) Lowest-energy
transition state of C–C bond formation. (D) Energy profile. See ESI† for
details of computational methods. M06-2X/def2TZVPP/SMD(ether)//
M06-2X/6-31G(d)/SMD(ether).

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06868c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

4.
11

.2
02

5 
17

:5
6:

19
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
resulting in an overall thermodynamically favorable deproto-
nation/C–C bond formation sequence.

Scheme 8B shows the electrostatic potential surface of the
silylated azole 2 and the pictorial representation of the HOMO
for the proposed carbene intermediate 3. While there are two
electropositive regions in 2, the azole 2-position is spatially
more accessible. Upon deprotonation, the large blue orbital
lobe localized at the azole 2-position in 3 shows that this is the
most nucleophilic site in the molecule.

Finally, the lowest energy transition states for the deproto-
nation and the C–C bond formation steps were computed
(Scheme 8C and D). The proton transfer transition state was
located with an activation barrier of 17.0 kcal mol�1 and is the
rate-determining step of the reaction. The deprotonation
barrier excluding the triate counterion in the model is
2.1 kcal mol�1 lower. Upon formation of the carbene, the C–C
bond forming TS between the silylated carbene intermediate
(with TBS as silyl group and benzoxazole as azole) and the
iminium electrophile [PhCH]NEt2]

+ is 13.6 kcal mol�1. The TS
structure features a forming C–C bond distance of 2.5 Å and
a favorable electrostatic interaction between the a-C–H of the
TBS group and the phenyl group of the iminium reactant at 2.8
Å. Higher energy conformers are reported in the ESI.†
Scheme 10 Azole substrate scope. Successful substrates are shown in
cyan (DGDP < 14 kcal mol�1); unsuccessful substrates are shown in red
(DGDP > 14 kcal mol�1). DGDP ¼ free energy of deprotonation
(in kcal mol�1). Conditions: azole (1.0 eq.), TBSOTf (0.416 mL,
1.813mmol, 3.0 eq.), TMS–NEt2 (1.25 eq.), PhCHO (1.0 eq.), EtNiPr2 (1.0
eq.), N2, 50 �C, 18 h. a Modification for substrates with acidic C–H or
N–H bonds: TBSOTf (4.0 eq.), EtNiPr2 (3.0 eq.); workup for desilylation:
8 eq. KF, pyridine. b From N-tosyl imidazole; tosyl hydrolysis after
reaction: pyridine (2.0 mL), water (0.5 mL), 50 �C, 3 h. See ESI† for
details of computational methods. M06-2X/def2TZVPP/SMD(ether)//
M06-2X/6-31G(d)/SMD(ether).
Scope and limitations: azole scope

With the optimized experimental conditions in hand and
a reasonable mechanistic proposal supported by DFT calcula-
tions, we next set out to test the generality of the established
C–H aminoalkylation protocol. With regard to demonstrating
functional group tolerance, we reasoned that differently
substituted azoles would be good indicators of compatibility
with typical complex molecules encountered in drug discovery
and development. In addition to experimentally subjecting
azole substrates to the optimized conditions, the free energy of
deprotonation (DGDP; Scheme 9) was determined for each
substrate with the expectation that these values may be able to
predict the ability of an azole substrate to undergo C–H
aminoalkylation.

Excitingly, a broad variety of azole substrates successfully
underwent C–H aminoalkylation (Scheme 10), including ben-
zoxazoles with electron-withdrawing and electron-donating
substituents (7 to 10), oxazoles with various functionalized
substituents (11 to 16), thiazoles (17, 18), and benzothiazoles
(19, 20). Interestingly, imidazoles and benzimidazoles (22 to 28)
afforded only traces of products, regardless of the substitution
pattern at the N atom (H, alkyl, aryl, benzyl, allyl).

When considering the calculated free energies of deproto-
nation DGDP for the respective silylated substrates in combi-
nation with the experimental ndings, a clear pattern emerges:
Scheme 9 Deprotonation (DP) equilibrium calculated for each azole
substrate (shown in Scheme 10).

© 2021 The Author(s). Published by the Royal Society of Chemistry
all azoles that show very low conversion (<2 LCAP; products 21
to 28) exhibit values for DGDP that are larger than 14 kcal mol�1.
Furthermore, the deprotonation barrier of the least activated
silylated 5-methylthiazole (product 21) is 4.1 kcal mol�1 higher
than that of TBS–benzoxazole. This suggests that imidazoles
and benzimidazoles as well as aryl- or alkyl-protected imidaz-
oles are not reactive under the optimized conditions due to
Chem. Sci., 2021, 12, 3890–3897 | 3893
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unfavorable deprotonation kinetics and thermodynamic
equilibrium.

To circumvent this signicant limitation in the azole scope,
we considered activating protecting groups for imidazoles and
benzimidazoles that may be able to shi the deprotonation
equilibrium below the threshold energy of 14 kcal mol�1.
Indeed, we discovered that urea derivative 29 (Scheme 10; DGDP

14.0 kcal mol�1) afforded reasonable crude yields of the desired
coupling product (41 LCAP); however, isolation by column
chromatography on silica led to decomposition of the product,
resulting in a low isolated yield (3%). This observation suggests
that electron-withdrawing protecting groups (such as acyl
groups) can activate imidazole or benzimidazole substrates for
C–H deprotonation and subsequent aminoalkylation.

In an extension of the activating protecting group strategy,
subjecting N-tosyl imidazole (DGDP 10.5 kcal mol�1) to the
standard conditions afforded an 88% isolated yield of the
desired imidazole product 28. To enable analogous reactivity
with more diverse imidazoles and benzimidazoles that might
not be as easily available as tosylated precursors, we further
developed a procedure (Scheme 11) combining in situ tosyla-
tion, C–H aminoalkylation, and detosylation in one pot. With
this sequence, imidazole and benzimidazole coupling products
28 and 31 were synthesized, starting from unprotected imid-
azole and benzimidazole substrates in moderate to good yields
(45% and 74%, respectively) without the need to isolate the N-
tosyl intermediates. These results demonstrate that the use of
electron-withdrawing protecting groups can be implemented
successfully to enable the C–H aminoalkylation of less activated
azoles.

Predicting amine reactivity via distortion analysis of the
transition state

Having explored different azole substrates in C–H amino-
alkylation, we set out to elucidate how structural features of the
amine component may affect the reactivity. Given that the
deprotonation barrier of a given silylated azole can be over-
come, and the resulting silylated carbene is sufficiently stabi-
lized, such as in the case of benzoxazole, comparing the
activation energies of the C–C bond forming step across various
electophiles should enable predictions of reactivity patterns.
Scheme 11 In situ tosylation strategy.

3894 | Chem. Sci., 2021, 12, 3890–3897
We rst calculated transition state energies for reactions
between a series of differently substituted iminium electro-
philes (32; Scheme 12A) and carbene intermediate 3 (Table S2†).
The substitution patterns for 32 were chosen to reect common
amine cores in pharmaceutical chemistry and to vary between
low and high steric demand. DFT calculations predict, accord-
ingly, activation energies that span from 7.6 to 20.3 kcal mol�1

(with respect to the silylated carbene and iminium). Interest-
ingly, the C–C bond forming step for the dicyclohexyl iminium
electrophile is 12.6 kcal mol�1 higher than that for diethyl
iminium, which is higher than the deprotonation barrier in the
reaction pathway (Scheme 8D).

A distortion–interaction analysis14 (Scheme 12B and C)
reveals that the total distortion energies DEdist for the compo-
nents in each reaction are unique and correlate with the acti-
vation free energies DG‡ of C–C bond formation. In contrast, the
values of the interaction energy term between 3 and each of the
iminium intermediates 32 lie within 0.5 kcal mol�1. Scheme
12B depicts an overlay of all computed transition state
Scheme 12 Distortion–interaction analysis of reactions with iminium
electrophiles. (A) Transition state energies DG‡ for series of iminium
electrophiles. (B) Overlay of transition state structures. (C) Distortion
energies DEdist versus DG

‡ of C–C bond formation. See ESI† for details
of computational methods. M06-2X/def2TZVPP/SMD(ether)//M06-
2X/6-31G(d)/SMD(ether).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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structures. It shows that carbene intermediate 3 remains in
a very similar geometry in all computed transition state struc-
tures (DEdist,3 ¼ 0.1–0.7 kcal mol�1). In contrast, the iminium
electrophiles distort away from their preferred planar geometry
to avoid potential steric clashes with 3 going from reactant to
the transition state (see Fig. S11† for a breakdown of the total
distortion energies). These data suggest that sterically con-
gested iminium electrophiles such as the electrophile obtained
by condensation of PhCHO and Cy2NH may not undergo C–C
bond formation due to the high distortion energy necessary to
achieve the transition state.
Scope and limitations: amine scope I

The DFT analysis discussed in the previous paragraph predicts
that the steric environment of the amine coupling partner will
majorly inuence the success of C–H aminoalkylation. We
tested this hypothesis experimentally by employing different
amine substrates under the optimized conditions (Scheme 13).
As predicted, Cy2NH is the least reactive substrate: not even
traces of C–H aminoalkylation product 33 were observed in
agreement with the DFT analysis above (DG‡ > 20 kcal mol�1).
Generally, lower-yielding product formation (34, 36, 37, 38, 40;
12 to 55 LCAP; 6 to 27% IY) was observed in reactions in which
the silylated amine was formed in situ from the amine precursor
(see ESI† for details). In contrast, products were formed in
moderate to good yields in reactions employing preformed,
isolated silylated amines (35, 39, 7; 47 to 75 LCAP; 45% to 75%
IY).
Scope and limitations: amine scope II via parallel medicinal
chemistry workow

Having shown that a broad range of amines can be used as
reactants, we decided to pressure-test the robustness of the
reaction protocol by employing it in a standard parallel
medicinal chemistry (PMC) workow. Success in this workow
Scheme 13 Amine scope I. Conditions: see ESI.†

© 2021 The Author(s). Published by the Royal Society of Chemistry
would demonstrate the ability to synthesize a large variety of
compounds in parallel, and allow broad and rapid interrogation
of chemical space in order to improve absorption, distribution,
metabolism, and excretion (ADME) properties. A standard PMC
workow encompasses (1) reaction setup; (2) reaction quench/
minimal workup; and (3) automated, mass-selective purica-
tion. All these steps are typically performed in parallel.

This presented an additional challenge for reaction devel-
opment: the majority of complex amines are only commerically
available as their corresponding HCl salts and direct use of
these salts did not afford any product under standard condi-
tions. We hypothesized that chloride ions are detrimental to the
reactivity, as chloride might react with TBSOTf and form less
reactive TBSCl. Therefore, we developed a protocol that rst
removes chloride under non-aqueous conditions (Scheme 14,
rst step). Aer ltration, the resulting solution of the free
amine can then be directly used for silylation and iminium ion
formation. Using Et2NH2Cl as the amine with this protocol,
59% of the desired C–H aminoalkylation product 7was isolated,
demonstrating that employing HCl salts directly is feasible with
this modied protocol.

Ten complex amines that are commercially available as HCl
salts were thus subjected to the PMC workow under the
modied conditions (Scheme 15). The amine structures depic-
ted were chosen to reect structures of interest for medicinal
chemistry, as they are highly saturated15 and incorporate uo-
rinated moiteties.16 All employed monomers successfully
formed product; nine out of ten of these products were isolated
in$95% purity (suitable for primary assay screenings) by mass-
guided, automated preparative HPLC. This is equivalent to an
excellent success rate of 90%, as calculated by the number of
amines yielding the intended product divided by the total
number of amines employed. This result suggests that the
established conditions will be applicable for synthesizing
compound arrays of interest to the medicinal chemistry
community.
Scope and limitations: aldehyde scope

Finally, the robustness of the C–H aminoalkylation protocol was
tested with different aldehyde coupling partners (Scheme 16).
All tested aromatic aldehydes, ranging from electron-poor to
electron-neutral to electron-rich, afforded the desired products
15 and 58 to 61. Generally, all LCAPs for these products were
Scheme 14 Non-aqueous free-basing conditions allowing use of
amine HCl salts in azole C–H aminoalkylation.
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Scheme 15 Amine scope II: azole C–H aminoalkylation in parallel.
Conditions: see ESI.† All reactions were conducted on a 0.18 mmol
scale. Products were isolated as TFA salts after automated preparative
HPLC purification.
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>55, indicating efficient reactivity, and good isolated yields were
obtained. In the case of the MeO-substituted product 61, low
isolated yields were obtained despite high LCAP (74), indicating
high crude yields.

Excitingly, a thiophene-derived aldehyde was also employed
successfully, forming product 62 in 82 LCAP (26% IY).
Furthermore, pivaldehyde was successfully reacted to afford 63,
Scheme 16 Aldehyde scope. Conditions: azole (1.0 eq.), TBSOTf
(0.416 mL, 1.813 mmol, 3.0 eq.), TMS–NEt2 (1.25 eq.), PhCHO (1.0
equiv.), EtNiPr2 (1.0 equiv.), N2, 50 �C, 18 h.

3896 | Chem. Sci., 2021, 12, 3890–3897
showcasing that aliphatic aldehydes are generally also reactive
under the established standard conditions. In contrast,
aliphatic aldehydes with acidic C–H bonds in b-position to the
in situ formed iminium intermediate do not form any product
(64 to 66). This can be rationalized by the ability of the iminium
intermediates to undergo deprotonation to the enamine prod-
ucts (shown in insert in Scheme 16). This would remove both
the electrophile and the reactive base from the reaction solution
and is thus expected to be detrimental for C–H aminoalkylation.
Indeed, analysis of a crude reaction mixture (for details see
ESI†) detects evidence for the formation of enamine side
products.

Summary and conclusions

In summary, this manuscript details the high-throughput
optimization of a metal-free, mild C–H aminoalkylation
method for azoles. Mechanistically-driven, DFT-supported
expansion of the substrate scope provides a novel approach to
directly functionalize heterocycles that are of tremendous
importance to the synthesis of biologically active compounds.
Our computational studies support the concerted action of
a Lewis acid/base pair (TBSOTf/EtNiPr2) to enable the key bond-
forming step; both components have experimentally been
established to be necessary for efficient reactivity. Combined
computational and experimental explorations of the azole scope
provide insights into suitable azole acidity ranges that predict
successful reactivity. Based on this understanding, a strategy to
overcome low acidities in imidazole and benzimidazole
substrates was devised (via in situ tosylation/detosylation). DFT
calculations further suggest rationales for substrate limitations:
bulky iminium electrophiles lead to an increase in the activa-
tion barrier due to the required distortion of the iminium
electrophile to achieve the transition state geometry; unac-
tivated imidazoles and benzoxazoles render the azole deproto-
nation equilibrium unfavorable. Finally, the suitability of the
method for parallel medicinal chemistry workows has been
demonstrated with a 90% success rate, providing condence
that the established conditions are robust and can be trans-
ferred between chemists without loss of reactivity.

Overall, this manuscript outlines a new strategy to diversify
azoles via Lewis-acid mediated C–H functionalization under
much milder conditions than those typically employed with
transition metal catalysts.3–5 Moreover, the protocol employs
both acidic and basic components, which is another dis-
tinguishing feature from more common, base-promoted azole
C–H functionalization approaches.17 Importantly, this leads to
broad functional group tolerance, which is typically inacces-
sible through other direct azole functionalizations approaches
proceeding through catalytic or stoichiometric metalation.3–6

Experimental
General procedure for C–H aminoalkylation

N-Tosyl-1H-imidazole (1.0 equiv.) was weighed into an oven-
dried vial and introduced into the glovebox. tert-Butyldime-
thylsilyl triuoromethanesulfonate (0.416 mL, 1.81 mmol, 3.0
© 2021 The Author(s). Published by the Royal Society of Chemistry
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equiv.), N,N-diethyl-1,1,1-trimethylsilanamine (1.0 equiv.), and
benzaldehyde (1.0 equiv.) were mixed in a separate oven-dried
vial in the glovebox in 1,2-dimethoxyethane (1.0 mL) and stir-
red for 15 min. Then, the resulting solution was added to the
vial containing N-tosyl imidazole. EtNiPr2 (1.0 equiv.) was
added. The vial was sealed, removed from the glovebox, and
heated on a hotplate to 50 �C for 18 h. To hydrolyze the tosyl
protecting group (only for tosyl-protected azole substrates),
pyridine (2.0 mL) and water (0.50 mL) were added and the
reaction was stirred at 50 �C for 3 h. All volatiles were removed,
and the residue was puried by silica gel or reverse phase
chromatography.
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