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Described herein is a green, continuous flow process for the syn-
thesis the
Groebke—Blackburn—Bienaymé reaction (GBBR). This multicompo-
nent procedure combines aminoazines, aldehydes and isocyanides

of various aminoimidazoheterocycles, through

to generate a wide variety of medicinally privileged, aminated imi-
dazoheterocycle architectures. This method is performed in
ethanol, using only mineral acid rather than the standard metal-
based catalysts typical to the field. These sustainability benefits
have been demonstrated even on multigram scale, exemplifying
the facile scalability of the procedure. The process also boasts
shorter reaction times, wider scope robustness, and improved
yields compared to the currently available methods, with no
requirement for an aqueous work-up procedure, affording result-
ing scaffolds of notable relevance, to a range of medicinal targets
of academic and industrial interest.

Introduction

Continuous flow processes constitute a powerful and increas-
ingly popular approach to chemical synthesis within the bulk
and petrochemical industries. In comparison to batch
methods, they offer benefits in terms of thermal transfer,
superior mixing, safe handling of dangerous reagents, and the
potential for in-line analyses and facile route telescoping.'
Moreover, the inherent safety of flow reactions, as well as their
reduced requirement for reaction volume, and the quantities
of reagents and solvents used, makes them ideally aligned to
the 12 principles of green chemistry.” Despite these advan-
tages, the majority of chemical processes within the pharma-
ceutical and fine chemical industries remain batch in nature.’
Based on this, the benefits of applying flow chemistry
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methods for the sustainable synthesis of pharmaceutically
relevant compounds are yet to be fully realised.

Within medicinal chemistry, fused bicyclic heterocycles
containing an imidazole motif, such as imidazopyridines, imi-
dazopyrimidines, and imidazopyrazines are privileged phar-
macophores, which are ubiquitous within a range of disease
areas. For example, these scaffolds find application in health
indications including cancer,” inflammation,” bacterial infec-
tion,® HIV,” cancer-induced osteoporosis,® Alzheimer’s
disease,” and diabetes.’® Moreover, several approved drug
molecules and therapeutic probes, including olprinone'" (car-
diotonic), and KA1407"? (anti-malarial probe) also contain the
fused imidazole functionality within their core heterocyclic
framework. Furthermore, aminated derivatives of these imida-
zoheterocycles also possess elevated levels of medicinal impor-
tance, and include patented compounds such as the anti-
inflammatory agent 1,"* and the GLP-1 (glucagon-like peptide-
1) fusion peptide component 2, for diabetes and neurodegen-
erative disorders (Fig. 1)."* Given the prominent importance of
this framework, an efficient, robust, sustainable, and scalable
approach to aminated imidazole-containing heterocycles and
their derivatives would be of appreciable value to the broad
community of scientists aiming to access new therapeutic
agents (Scheme 1).

Various methods have been reported for the synthesis of
fused 3-aminoimidazoheterocycles (Scheme 2). For example, the
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Fig. 1 Examples of aminoimidazol[l,2-alpyridines with therapeutic
activity.
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Scheme 1 Summary of the sustainable, scalable, robust, and efficient flow-based GBBR process reported herein.

Previous work towards aminoimidazoheterocycle pharmacophores:

R R
Limited to
RS Additional steps bis
o) for substrate synthesis amino-
azine (0]

ﬁ\j/\
X =
Y

R/R? = Ar, Alkyl
X, Y =C, N; R®=H (and Alkyl)

QL

R1 = %L%Ar N3

I
heat

..,

T
Ya

Potentially hazardous

=~ "N
| products )J\
NS

NH,
N’R2 / = 2-pyridyl
R2 =H,R¥=Ar
A
=N

ZnBr,

\ Qg

Non-sustainable

R3 = Ar (R? = H on reduction) azide use in required substrate  Limited Scope (R3 = H) X=CH,, O
synthesis and employment Atom inefficient Bt = Benzotriazolyl
Gréebke-Blackburn-Bienaymé Reaction (GBBR): Rz\ Modular
NH High atom economy
Commercial materials
(o) (o N
)‘< N 0, )|< 2 N/\g7R1 Long reaction times
Ya ‘ k R + N - Yo )Q Limited robustness
éz \Z N Restricted scalability
Non-sustainable
R2 2
l * / | T R Nt H
& KR 9
. _
I Ty I S
+ |
S "“4\R1 Yo N _A—H H Yo A=/ R
+ A N R Z
A A H
This work: R2
“NH Robust
- Efficient
X%N O‘ I X¢\N Scalable
‘ \ + K N* ‘@)}' \ N R! Sustainable
A ! : Y )Q FG tolerant
Z NH P’ R2 N 7 N oleran

Scheme 2

(Top) Reported synthetic methods to generate 3-aminoimidazoheterocycles. In all cases, a combination of several limitations is observed

concerning preparative utility, including scalability, sustainability, substrate accessibility and desirability, scope robustness, and prolonged required
reaction times. (Bottom) The Gréebke—-Blackburn—Bienaymé reaction (GBBR) and the efficient, scalable, robust, and sustainable flow-based GBBR

(this work).

triflic anhydride-mediated cyclisation of a-aminopyridinylamides
delivers a variety of 3-aminoimidazo[1,2-a]heterocycles.™
Alternatively, aromatic ketones can be combined with 2 equiva-
lents of a 2-aminopyridine, facilitated by iodine, to deliver
2-aryl-3-(pyridine-2-ylamino)imidazo[1,2-a]pyridines,'® and the
synthesis of 3-amino[1,2-a]pyridines from o-ketovinyl azides

This journal is © The Royal Society of Chemistry 2021

and 2-aminopyridines has also been described.'” Finally,
Katritzky and co-workers reported a synthesis of 3-aminoimi-
dazoheterocycles bearing tertiary amine substituents.'®
However, all of these methodologies possess distinct issues
limiting their substrate applicability, scalability, versatility,
efficiency, and preparative sustainability, as noted in
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Scheme 2, in addition to product work-up and purification
demands.

Based on these various drawbacks, the preferred synthetic
route to 3-aminoimidazoheterocycles uses the Groebke-
Blackburn-Bienaymé reaction (GBBR, Scheme 2). The GBBR is
a multicomponent reaction combining an aldehyde, an ami-
noazine, and an isocyanide to furnish the corresponding
3-aminoimidazoheterocycle in a one-pot procedure.’®** The
reaction involves an initial condensation of an aldehyde and
an aminoazine, before a non-concerted [4 + 1] cycloaddition
between the activated Schiff base intermediate and the isocya-
nide, to deliver the product (Scheme 2).>* The GBBR has been
catalysed by a variety of Lewis and Brensted acids,'®>">*73°
and more recent developments include the use of microwave
heating,®' solvent- and acid-free conditions,** biocatalysis,**
micellar reactions,*® ionic liquids as solvents and catalysts,>”
and solid phase catalysis.’® Somewhat limited flow-based pro-
cedures have also been reported, with these methods typically
providing the desired products in low to-moderate yields, and
not tolerating aliphatic aldehydes.>**”

More broadly, all current GBBR methods suffer from a
variety of drawbacks, most significantly including the use of
unsustainable or expensive solvents and/or metal catalysts for
long reaction times, as well as more general issues of variable
yields and limited substrate scope or scalability. Moreover, the
noxious nature of the isocyanide component limits the desir-
ability of performing the GBBR under traditional batch
conditions.

Herein, we present an easily-scalable, robust, environmen-
tally benign, and efficient continuous flow-based GBBR
process. The benefits of this method include the use of
ethanol as a green solvent,*® and a dilute mineral acid catalyst
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in place of non-sustainable metal-based Lewis acids. The
method requires no aqueous work-up procedure, and the
effect of superheating within the flow setup results in a high-
yielding, efficient reaction. The process is readily scalable and
is demonstrated on a multigram scale. Additionally, the flexi-
bility of the flow conditions allows control of reagent addition
combinations to now bring sensitive and valuable functional
groups into the scope of the GBBR.

Results and discussion

Initially, the model reaction of 2-aminopyridine 1a, benz-
aldehyde 2a, and tert-butyl isocyanide 3a was used for optimi-
sation (Scheme 3 and Table 1). Consumption of the starting
material was measured using HPLC concentration gradient
measurements (see ESIt). Investigations began by evaluating
reaction conversion at 50 °C over 24 h, before transfer of con-
ditions to flow (entries 1-3), using conditions previously uti-
lised within our laboratories. As expected, though inefficient,
all reactions were fairly high yielding. The conditions in entry
1 were not pursued further due to the requirement for hom-
ogeneity within a flow procedure. The use of metal catalysts
was also disfavoured when considering scale-up sustainability
issues, and hydrochloric acid was preferred over perchloric
acid, due to safety concerns related to superheating (entry 2 vs.
entry 3). Ethanol (entry 4) was chosen as the reaction solvent
owing to its beneficial green metrics and superior performance
to acetonitrile (entry 3).*® In order to achieve high conversion
on a timescale more amenable to flow, the reaction was heated
to 130 °C and afforded a conversion of 93% by HPLC analysis,
and an isolated yield of 84% in only 50 minutes (entry 5). The

Acid/Lewis acid M
catalyst ZNN
_—
Solvent SN
4a

Scheme 3 Model GBBR reaction between 2-aminopyridine 1a, benzaldehyde 2a, and tert-butyl isocyanide 3a, used for initial reaction optimisation.

Table 1 Optimisation of the GBBR procedure between 2-aminopyridine 1a, benzaldehyde 2a, and tert-butyl isocyanide 3a

Entry Heating source Temp (°C) Solvent Catalyst® Reaction/residence time Conversion” (isolated yield)
1° Thermal 50 Toluene Sc(OTf);¢ 24h >99%

2°¢ Thermal 50 MeOH HCIO, 24 h 92%

3¢ Thermal 50 MeCN HCI* 24h 77%

4¢ Thermal 50 EtOH HCI® 24 h 91%

5¢ MW 130 EtOH HCI¢ 50 min 93% (84%)
6° MwW 130 EtOH HC1Y/ 50 min 75%

7¢ MwW 130 EtOH — 50 min 36%

8¢ MwW 130 EtOH HCI® 50 min >99%

9¢ MW 130 EtOH HCl" 50 min >99%

104 Flow 130 EtOH Hcl 50 min 97% (96%)

“ All catalyst loadings at 10 mol % unless stated otherwise. ” Starting material conversion by HPLC analysis. °1:1:1 stoichiometry (1a: 2a: 3a).
4 Heterogenous mixture. 4 M solution in dioxane./ 100 mol% catalyst. 1 : 2 : 2 stoichiometry (1a: 2a: 3a). " 1.25 M in EtOH.
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optimal loading of catalyst was found to be 10 mol%, as
increasing the loading to 100 mol% (entry 6), or removing the
catalyst completely (entry 7), both inhibited the reaction
efficiency. From entry 8, an excess of aldehyde and isocyanide
were employed to favour high conversion with potentially
unreactive starting materials. Also, the less sustainable
dioxane (entry 8) was replaced by ethanol (entry 9) as the
mineral acid solvent; in both cases, quantitative conversion
was observed. These optimised conditions were then transi-
tioned into a continuous flow setup and, in this mode, deli-
vered a 96% isolated yield of product 4a (entry 10), with the
only purification required being the removal of volatile starting
materials (see ESIT for diagrams and schematics of the flow
equipment used).

View Article Online
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With these optimised flow conditions in hand, the process
was applied to a range of substrates. As shown in Scheme 4, the
reaction is highly robust, allowing considerable variation of all
starting materials. Solutions of the isocyanide component were
present in an isolated input line in each case, meaning that
exposure to their odour was eliminated. In terms of the amidine
component, 2-aminopyridines (4b-k), 2-aminothiazole (41, 4m),
2-aminopyrimidine (4n), 2-aminobenzothiazole (40), and ami-
nopyrazines (4p, 4q) were all tolerated well, giving good yields
of the corresponding heterocycles. The reaction also allowed for
various substitution patterns on the amidine component, allow-
ing the use of methyl, hydroxymethyl, methoxy, ethyl ester, and
bromine substituents on various positions of the aminated het-
erocycle. It has been observed that in the use of 2-aminopyrimi-
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Scheme 4 Substrate scope for the continuous flow GBBR process using aminopyridine, aminopyrimidine, aminopyrazine, aminothiazole, and ami-
nobenzothiazole substrates with various aryl and heteroaryl aldehydes and a variety of commercial isocyanide reagents. Isolated yield is shown in
parenthesis alongside starting material consumption (by HPLC analysis). ®>10 : 1 regioselectivity by NOESY NMR spectroscopy.
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dine in the GBBR, 2 regioisomers are possible, dependent on
whether the initial imine condensation step occurs on the endo-
cyclic or exocyclic nitrogen of the amidine.*® Whilst several
reports have focused on the regioselective synthesis of
aminoimidazopyrimidines,”*?°*! using our methodology an
inherent selectivity of >10:1 for the 3-amino substituted
product is seen in 4n (which has no substituents on the hetero-
aryl component that could be implicated in driving a regioiso-
meric bias).

Focusing on the isocyanide component, aryl-, benzyl-, alkyl-
, and other functionalised isocyanides are all tolerated well.
The benzyl- and 1,1,3,3-tetramethylbutyl isocyanide-derived
products are particularly useful, owing to the ready liberation
of the latent primary amine product following debenzylation
or dealkylation strategies (vide infra).">** Remarkably, under
the mildly acidic conditions employed, (trimethylsilyl)methyl
isocyanide can be used to generate products with the silyl-
methylamino functionality intact at the 3-position, for further
manipulation (4e, 4h). Additionally, the use of an isocyanide
reagent bearing ethyl ester functionality gave product 4i in
good yield, and without significant by-product formation.

The aldehyde component can also be subject to consider-
able variation. Aryl aldehydes containing electron-donating
and -withdrawing substituents performed well, affording a
range of products in good yield, with methyl-, bromo-,

View Article Online
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hydroxyl-, and nitro-substituted aryl aldehydes all employed
successfully to afford decorated bicyclic products 4b-d, 4h,
4m, 4n, and 4p. Heteroaryl aldehydes were also applied with
good levels of effectiveness (4f, 4g, 4i, and 4j). Furthermore,
example 4q illustrates the use of the GBBR with trans-cinna-
maldehyde to deliver the styryl-substituted product.

A survey of the reported scope of the GBBR reveals limited
and, moreover, generally low yielding incorporation of alkyl
aldehydes and formaldehyde, likely owing to by product
formation.**"**%5"%” Indeed, formaldehyde equivalents have
been sought as a method to circumvent these issues.*®™°
Accordingly, we next looked to challenge our protocol by the
application of a range of alkyl aldehydes and formaldehyde
(Scheme 5). Remarkably, using our method, and with the
direct employment of aqueous (37% wt.) formaldehyde solu-
tion, reactions to form products 4r-4t proceeded cleanly and
were uniformly high-yielding. Acetaldehyde could also be
employed, using 3 equivalents to compensate for any acid-
mediated acetaldehyde polymerisation.’® In this case, a good
65% yield of 4u was obtained, demonstrating another benefit
of the flow methodology: the ability to modify the combination
of starting materials in the input solutions, to bring highly
reactive or sensitive reagents into the reaction scope. Primary,
secondary, and tertiary alkyl aldehydes were all utilised to
prepare a range of functionalised GBBR products 4u-4z. In all
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Scheme 5 Substrate scope with formaldehyde and alkyl aldehydes. Typical conditions: 1 mmol amidine, 2 mmol isocyanide, 1.1 mmol 37% aq. for-
maldehyde or 2 mmol alkyl aldehyde, 10 mol% 1.25 M HCl in EtOH, EtOH, 50 min residence time. Isolated yield is shown in parenthesis alongside

starting material consumption (by HPLC analysis). ®3 equivalents of acetaldehyde was used,
“literature batch conditions: 1 mmol amidine, 1.1 mmol aldehyde, 1.2 mmol isocyanide, 0.05 mmol Sc(OTf)s catalyst, 6 days,

observed, see the ESI} for one example.**
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Scheme 6 Scale up GBBR procedure and subsequent derivatisation to generate a difunctionalised imidazol[1,2-alpyridine. * GBBR flow conditions:
amidine (1.0 eq.); isocyanide (2.0 eq.), formaldehyde (37% wt. solution in H,O; 1.1 eq.), 10 mol% HCL (1.25 M in EtOH), 0.4 mL min~* flow rate, 130 °C,

~8 h total reaction time;
(OTf)5 catalyst.**

cases for the products shown in Schemes 4 and 5, no aqueous
work-up procedure was required prior to purification. In the
case of product 4y, our method was compared to a published
batch GBBR procedure,* where an extremely low conversion
was observed, even after an appreciably extended reaction time
(6 days). Additionally, in the batch reaction, multiple unde-
sired by-products were observed, further highlighting the
benefits of our developed flow procedure.

Having demonstrated the effectiveness of this GBBR pro-
cedure on small scale, the ready scalability of the developed
flow chemistry process was exploited in the multigram syn-
thesis of 4aa in 70% isolated yield (Scheme 6). A facile de-
protection of the 1,1,3,3-tetramethylbutyl group in 4aa then
cleanly afforded the disubstituted imidazopyridine 4ab
without any requirement for purification. To the best of our
knowledge, this is the most efficient and sustainable example
of a GBBR process using formaldehyde as the aldehyde com-
ponent, and is the first scale-up GBBR procedure to be per-
formed in flow.>>*”*> The reaction could be performed con-
tinuously for 8 h, and the starting materials and products were
observed to be soluble up to a 0.5 M concentration, further
enhancing the capability of the process for industrial appli-
cation in order to generate medicinally relevant pharmaco-
phores suitable for further modification. When reported batch
conditions were again applied,”* a slightly lower yield was
obtained, but only after a considerably extended reaction time,
further highlighting the efficiency benefit gained from using
the developed flow-based GBBR process.

Conclusions

In conclusion, we have developed a novel and sustainable con-
tinuous flow procedure for the synthesis of 3-aminoimidazohe-
terocycles, promoted by a simple dilute mineral acid in
ethanol. The procedure is environmentally benign, robust,
efficient, and scalable, requires no aqueous work-up pro-
cedure, and performs well even on larger scale. This multicom-
ponent process displays an excellent substrate scope across all
three reaction partners, enabling facile access to a range of pri-

This journal is © The Royal Society of Chemistry 2021

P patent literature batch conditions used: 18 mmol amidine, 19.8 mmol aldehyde, 21.6 mmol isocyanide, 0.900 mmol Sc

vileged scaffolds relevant to a broad array of academically and
industrially driven medicinal chemistry programmes.

Synthetic methods

For a schematic and diagram of the specific flow system setup
see the ESL.{ The flow reactor setup consisted of a Syrris® Asia
syringe module with Asia green syringes (250 pL/500 pL
internal volume) joined via PFA tubing to a Vapourtec®
RS-200 heating module with an attached 10 mL loop reactor. 2
x 10 mL loop reactors were used during the scale-up reaction.
The overall internal volume of the apparatus was approxi-
mately 15.9 mL for the scope examples, as estimated using
Rose Bengal solution in the system which had been flushed
with toluene. The flow equipment was fitted with two back
pressure regulators of 75 and 40 psi (8.0 bar total internal
pressure).

Representative flow procedure using aryl and heteroaryl
aldehydes (Scheme 4, entry 4g)

Two stock 10 mL solutions were made up. The first solution
contained 5-methanolyl-2-aminopyridine (248 mg, 2.00 mmol),
picolinaldehyde (0.380 mL, 4.00 mmol), and HCI (0.160 mL,
0.200 mmol, 1.25 M in ethanol) in ethanol (10.0 mL total
volume) as an amber coloured, clear solution. The second
solution contained (isocyanomethyl)trimethylsilane (0.522 mL,
4.00 mmol) in ethanol (10.0 mL overall solution), as a colour-
less, clear solution. 5.00 mL from each solution was pumped
into the flow reactor, heated to 130 °C, at a flow rate of
0.100 mL per minute per line for 50 min. Ethanol was then col-
lected for 25 min to account for the 5 mL dead volume in the
reactor, before the product solution was collected for 61 min
45 s (12.35 mL crude product mixture collected as a bronze
clear solution). A 10 pL aliquot was removed from the solution
and diluted with 1 mL methanol for quantitative HPLC ana-
lysis against a concentration gradient of the amidine starting
material. 92% consumption of the starting material was
observed, by quantitative HPLC analysis. The solvent was
removed in vacuo, and the product was isolated by flash
column chromatography, using a gradient elution of 5 to 30%
ethyl acetate in cyclohexane. Following solvent removal under
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reduced pressure, (3-((2-morpholinoethyl) amino)-2-(pyridine-
2-yl)imidazo[1,2-a]pyridin-6-yl)methanol ~ 4g (309
0.874 mmol, 87% yield) was isolated as a beige powder.

mg,

Representative flow procedure using formaldehyde (Scheme 5,
entry 4s)

Two stock 10 mL solutions were prepared. The first solution
contained 5-methanolyl-2-aminopyridine (248 mg, 2.00 mmol)
and 2-isocyano-2-methylpropane (0.452 mL, 4.00 mmol) in
ethanol (10.0 mL total volume) as a clear yellow solution. The
second solution contained HCI (0.160 mL, 0.200 mmol, 1.25 M
in ethanol) and aqueous 37% wt. formaldehyde (0.166 mL,
2.24 mmol) in ethanol (10.0 mL total volume) as a colourless,
clear solution. 5.00 mL from each solution was pumped into
the flow reactor, heated to 130 °C, at a flow rate of 0.100 mL
per minute per line for 50 min. Ethanol was then collected for
25 min to account for the 5 mL dead volume in the reactor,
before the product solution was collected for 61 min 45 s
(12.35 mL crude product mixture collected as a golden clear
solution). A 10 pL aliquot was removed from the solution and
diluted with 1 mL methanol for quantitative HPLC analysis
against a concentration gradient of the amidine starting
material. 94% consumption of the starting material was
observed, by quantitative HPLC analysis. The solvent was
removed in vacuo, and the product was isolated by flash
column chromatography, using a gradient elution of 5 to 10%
ethanol in ethyl acetate. Following solvent removal under
reduced pressure, (3-(tert-butylamino)imidazo[1,2-a]pyridin-6-
yl) methanol 4s (192 mg, 0.876 mmol, 88% yield) was isolated
as a white crystalline solid.

Notes

The data that support the findings of this study are available
within the article and its ESL.}
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