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An electrochemical approach has been established for azidoalkylation of heteroarenes using unactivated
alkenes and NaNs3 via a polarity reversal radical cascade strategy, enabling the synthesis of diverse C6-azi-
doalkylated purine derivatives that possess significant yet unexplored medicinal relevance. This three-
component Minisci-type reaction was promoted by the Mn""" redox couple and involved the in situ
selective addition of an electrophilic N3* to an alkene, generating a nucleophilic C-centered radical that
rapidly coupled with a variety of heteroarenes to form the corresponding adducts. The present method is
characterized by a wide substrate scope (90 examples, up to 92% yield), exceptional functional group tol-
erance, mild reaction conditions, high chemo- and regio-selectivities, facile derivatization of products,
and easy scalability. This strategy is applicable to alkenes with various substitution patterns and electronic
properties, enabling the efficient synthesis and late-stage derivatization of pharmacologically active mole-
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Structural analysis of the U.S. FDA-approved pharmaceutical
database reveals that N-heteroarenes are widely prevalent in
drug architectures, with purines, pyrimidines, pyridines,
indoles, imidazoles, and quinolines being the most common
core structures." As a result, late-stage functionalization of
complex frameworks containing N-heteroarenes is of para-
mount importance in drug research and development.” In con-
trast to traditional electrophilic Friedel-Crafts-type reactions,
Minisci-type reactions occur via nucleophilic radicals, offering
distinct selectivity and reactivity.®> The classical Minisci reac-
tion involves a two-component reaction that adds nucleophilic
radicals to electrophilic N-heterocycles. However, coupling an
electrophilic radical with an electron-deficient heteroarene is
highly unfavorable due to the electrophilic nature of both
species. To address this electronic mismatch, Minisci-type
multicomponent reactions employing a polarity-reversal strat-
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involving the generation of both azido and pB-azido alkyl radicals.

egy have emerged as a powerful solution.* By assembling elec-
trophilic radicals, alkenes, and electrophilic heteroarenes in a
radical cascade, these reactions enable the incorporation of
structurally diverse, C(sp*)-rich motifs onto electron-deficient
N-heterocycles and facilitate the sequential formation of
C(sp®)-C(sp?) and C(sp®)-X (X = C,* P,* s,"** N¥) bonds,
thereby constructing complex molecular architectures with
high atom- and step-efficiency.

The azido group (N3) is used ubiquitously in chemical
biology,” medicinal chemistry,® peptide chemistry,’ and
materials science® (Scheme 1a). It also serves as a versatile syn-
thetic equivalent for a plethora of useful transformations,
including reactions with electrophiles and nucleophiles,
“click” reactions,’ aza-Wittig reaction,'® Staudinger ligation,"*
Curtius rearrangement,'® Schmidt rearrangement,"® and C-H
bond amination,"* among others. Thus, the development of
sustainable, efficient, and selective methods for incorporating
an azido group into complex organic molecules remains
highly desirable.™

Owing to its high reactivity, the azide radical readily partici-
pates in competing parallel reactions or undergoes decompo-
sition.’® Harnessing the controlled solution-phase reactivity of
transient electron-deficient azide species still presents a chal-
lenge in modern organic synthesis.'” In this regard, synthetic
methods for azido radical-mediated alkene azidoheteroaryla-
tion, particularly through a three-component approach, are
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Scheme 1 Background and summary of this study.

scarce and challenging. The groups of Liu'® and Nagib'® suc-
cessively developed an iodine(m) reagent-promoted oxidation
system for the azidoheteroarylation of simple aliphatic
alkenes, employing TMSN; and heteroarenes as components
(Scheme 1b). Chu’s group® reported the redox-neutral three-
component azidoarylation of styrenes with cyanopyridines and
TMSN; to afford B-azidopyridines via organic photoredox cata-
lysis. Despite the above-mentioned progress and other
works,?! these methods suffer from some drawbacks to some
extent, such as: (1) the potential explosion risk arising from
the combination of chemical oxidants and azide sources,
along with the generation of substantial environmentally
hazardous waste; (2) the need for specialized techniques, such
as the slow addition of PhI(OAc), via a syringe pump to avoid
the rapid formation of N3" in excessive concentration; (3) the
use of a toxic and volatile azidotrimethylsilane reagent; (4) the
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requirement of a large excess of both the alkene and azide
components; and (5) reliance on the use of expensive photoca-
talysts under blue LED irradiation, facing challenges such as
potential health risks,** low quantum efficiency, and difficul-
ties in scaling up.?

Over the past decade, organic electrosynthesis has emerged
as an appealing, energy-efficient, and environmentally sustain-
able strategy for a wide range of valuable organic transform-
ations, particularly in the difunctionalization of alkenes.>* The
integration of electrochemistry with redox mediators offers a
reliable and sustainable approach for generating azide radicals
and controlling their reactivity,”® significantly enhancing the
efficacy and selectivity of alkene azido-functionalization. In
this context, the Lin group gave a pioneering report on the
electrochemical vicinal 1,2-diazidation of alkenes using a
MnBr,-4H,0/NaN; catalytic system via a manganese(ii/u)
manifold.*® Subsequently, the same research group also devel-
oped an electrochemical azidooxygenation of alkenes using
(2,2,6,6-tetramethylpiperidin-1-ylJoxyl (TEMPO) as an aminoxyl
catalyst, involving TEMPO-Nj-mediated azidyl transfer.”’”
Recently, the Xu group disclosed a copper(u)-catalyzed electro-
chemical protocol to generate 1,2-diazides, employing Cu
(acac), as an effective azide transfer reagent*® (Scheme 1c). It
is worth noting that all of the aforementioned reactions
proceed through the formation of the p-azido carbon-centered
radical, a common intermediate in situ generated by the
addition of an electrophilic N; radical to an alkene, which is
capable of participating in various subsequent radical trans-
formations as a nucleophilic species.

Results and discussion

26,27,29 Xu’zs,ao and

Inspired by these elegant works of Lin,
others,*" we envisioned that the abovementioned nucleophilic
B-azido C-centered radical intermediate could be chemo- and
regioselectively cross-coupled with the electron-deficient het-
eroarene, allowing further oxidation and deprotonation for the
rapid and diverse synthesis of alkylazidated heteroarenes
(Scheme 1d). However, competitive side reactions are expected
to occur during the synthesis, interfering with the desired
transformation (Scheme 1e). They are as follows: (1) dimeriza-
tion via radical homocoupling®” owing to the instability of the
p-azido alkyl radical intermediate; (2) manganese(u)-mediated
alkene 1,2-diazidation reactions;*® and (3) the formation of the
B-azido Ritter intermediate from the incipient p-azido alkyl
radical through sequential single-electron oxidation, followed
by nucleophilic addition by MeCN.** Herein, we report an un-
precedented azidoalkylation of heteroarenes enabled by Mn-
electrocatalysis. This three-component reaction efficiently con-
structs structurally valuable azido-containing alkylated hetero-
arenes from simple starting materials in a single step, and the
products obtained can be readily transformed into 1,3-amino
alcohols, a class of compounds of considerable interest to syn-
thetic chemists.>*
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We tested the viability of our proposed approach employing
9-benzyl-6H-purine (1a, 0.2 mmol) and allyltrimethylsilane (3a,
0.4 mmol) as the substrates, NaN; (0.4 mmol) as the azide
source, and MnBr,-4H,0 (5 mol%) as the mediator. The reac-
tion was carried out using an undivided cell equipped with a
graphite felt as the anode and a platinum plate as the cathode
(Table 1, see also SI-2 for detailed optimization studies). After
evaluating various reaction conditions, we were pleased to find
that conducting the reaction at a constant current of 5 mA for
5 hours at room temperature under an N, atmosphere using a
solvent mixture of CH3CN/TFA (3.0 mL/0.2 mL) and
n-Buy,NOAc as the supporting electrolyte successfully resulted
in an isolated yield of 92% for the desired product 4a (entry 1).
Changing the azide source from NaN; to TMSN; decreased the
yield of 4a to 85% (entry 2). The choice of solvent was critical
for the reaction efficiency, and the mixed solvent system
(CH;CN/TFA, 15/1, 3.2 mL) gave the highest yield. When
MeCN and AcOH were used as solvents, the reaction did not
occur, while with MeOH, DMF and MeCN/HOAc as solvents
diminished yields were obtained (entries 3 and 4). By varying
the ratio of solvents in a solvent mixture MeCN/TFA, a decrease
in the product yield was observed (entries 5 and 6). Direct elec-
trolysis in the absence of the redox mediator MnBr,-4H,0 led
to a significant decrease in the yield of 4a (49%), highlighting
the significant role of MnBr,-4H,0 (entry 7). Both direct and
Mn-mediated azide oxidation are considered as possible path-

Table 1 Optimization of the reaction conditions?

H NaN3 r' )
Ne N GF (+) () Pt Me3Si N3
¢ N 2 MnBr, - 4H,0 (5 mol%) NN
N N/) . </ | /)
Bﬁ /\/SiMeg n-BuyNOAc (1.0 equiv) /N N
MeCN : TFA (15 : 1) &
1a 3a 5mA, rt,5h N, 4a

Entry Variation from standard conditions yield® [%)]

1 None 94(92)°

2 TMSN; instead of NaNj; 85

3 MeCN, HOAc, MeOH, or DMF as the solvent nr, nr, 11,
38

4 MeCN/HOAC (15 : 1) as the solvent 5

5 MeCN/TFA (10: 1) as the solvent 40

6 MeCN/TFA (20: 1) as the solvent 65

7 Without MnBr,-4H,0 49

8 2.5 mol% MnBr,-4H,0 70

9 NaBr instead of MnBr,-4H,0 56

10 Mn(OAc),, MnCl,, and Mn(OTf), instead of 81, 70, 72

MnBr,-4H,0

11 Pt(+)/Pt(—) instead of GF(+)/Pt(-) 40

12 2 mA for 10 h 90

13 10 mA for 3 h 92

14 Open flask 86

15 Without n-Buy,NOAc 82

16 Without electric current nr?

“Standard conditions: 1a (0.20 mmol), NaN; (2.0 equiv., 0.40 mmol),
3a (2.0 equiv., 0.40 mmol), MnBr,-4H,0 (5 mol%, 0.01 mmol),
n-Bu,NOAc (1.0 equiv.), MeCN:TFA (15:1, 3.2 mL), GF anode, Pt
cathode, 5 mA, undivided cell, at room temperature, under N, for 5 h
(4.66 F mol™). ® Determined by 'H NMR analysis using CH,Br, as the
internal standard. ¢ Isolated yield. ¢ nr: no reaction. GF = graphite felt.
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ways to initiate this reaction. Decreasing the loading of
MnBr,-4H,0 to 2.5 mol% reduced the yield to 70% (entry 8).
When the reaction was tested using NaBr instead of
MnBr,-4H,0, a notable reduction in the yield of 4a was
observed. This outcome ruled out the involvement of a
bromide-catalyzed azidoalkylation process (entry 9). With
other manganese salts, such as Mn(OAc),, MnCl,, and Mn
(OTf), as redox mediators, the desired product 4a was
obtained in yields of 81%, 70%, and 72%, respectively (entry
10). Upon changing the anode material to the Pt plate, the for-
mation of 4a significantly decreased, which can be attributed
to the lower surface area of this electrode (entry 11).
Comparable yields were obtained when the applied current
was 2 mA for 10 hours or 10 mA for 3 hours (entries 12 and
13). When the reaction was carried out under an air atmo-
sphere, the yield of 4a decreased to 86% (entry 14). Attempts
were made to run the system in the absence of an electrolyte,
as NaN; (2) itself is a salt that allows the current to flow.
Unfortunately, the yield of product 4a dropped to 82% under
electrolyte-free conditions (entry 15). As anticipated, the reac-
tion was completely seized in the absence of electrical input
(entry 16).

With the optimized conditions in hand, the substrate scope
for purine was investigated (Table 2). To our delight, diverse
6H-purine nucleobases, 6H-purine nucleosides, and a 6H-
purine nucleotide with different N9-substituents yielded the
corresponding products (4a-4ah) in satisfactory yields
(56-92%) with all reactions displaying high regioselectivity at
the purinyl C6 position. A variety of functional groups, includ-
ing alkyl (4b-4i), nitrile (4k and 4r), ester (4l), phenyl (4m),
alkene (4n and 4o), alkyne (4p), ketone (4q), benzyl (4r-4t),
halogen (4t and 4v), alcohol (4w), and ether (4y), were well tol-
erated under the reaction conditions. Notably, many of these
groups act as functional handles for subsequent synthetic
modifications. Meanwhile, 9-benzyl-8-methyl-6H-purine and
9-benzyl-2-chloro-6H-purine participated in this reaction
equally well, furnishing the related products 4u and 4v in 86%
and 89% yields, respectively. It seemed that the electronic
effect of the group on C2 or C8 had no obvious influence on
the reaction efficiency. The acyclic purine nucleoside analogue
bearing a 9-(2-hydroxyethyl), a 9-(2-acetoxyethyl), or a 9-acyclo-
vir side chain was found suitable for this transformation, yield-
ing the corresponding products 4w, 4x, and 4y in 56%, 81%,
and 86% yields, respectively. The single crystal X-ray diffraction
analysis of 4t was also performed to confirm the structure of
the desired three-component coupling product. Subsequently,
a variety of purine nucleosides were then probed (Table 2, 4z-
4ag). The 6H-purine nucleoside analogue, bearing a tetrahy-
dropyranyl moiety at the N9 position, smoothly underwent the
reaction, yielding the corresponding product 4z in 71% yield.
Moreover, ribosyl, 2'-deoxyribosyl, and arabinosyl purine
nucleosides were compatible with the reaction conditions and
yielded the desired products (4ab-4af) in 65-90% yields. To
our delight, the labile purine ribonucleoside and 2',3"-o-iso-
propylidene-protected purine ribonucleoside with unprotected
hydroxyl groups also endured the present reaction conditions

This journal is © the Partner Organisations 2026
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Table 2 Purine scope exploration®?<
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GF (+) r“_ﬁ(-) Pt

H Me;Si N3

N X < MnBry-4H,0 (5 mol%) N
R2— f\j‘\ +  NaN; + _~SiMes 24 2] N
NS\ RS n-BusNOAG (1.0 equiv) N N/)\Ra
)
R! MeCN : TFA (15 : 1) R
1a 2 3a 5mA, r.t, Ny 4
A. Purine nucleobases
Me;Si N3

4b, R = Me, 85%

M938| N3 Me;Si N3 MesSi N,
</N | XN N SN
N 7 < ] J

Me3Si N3
. N SN N SN
Me;3Si N; 4c, R = Et, 92% </ | ) </ I
NNy 4d, R = n-Pr, 86% N~ N7 N N/) N NN
<) 4e, R = i-Pr, 89% d Q/ {
R,"f N 4f, R = n-Bu, 63% COEt
4g, R = n-Hexyl, 87% Ph CN
4h, 83% 4i, 84% 4j, 75% 4k, 75% 41, 89%
Me;Si .
; MesSi ° MesSi N; Me3Si N3
Me3Si Ny Megs| 8 Me;Si p) N N N
</N | SN < </ | \)N </ | /)N
O, N Z N N
N N/) N
\ OMe
) q \
F2CO CN MeO
4m, 89% 4n, 70% 40, 63% 4p, 76% 3~%4q, 79% 4r, 81% 4s, 87%
B. Acycllc nucleosides
Me;Si N3
<N | SN Me3Si N3 Me3S| Me3S| N3 Me;Si N3 Me;Si N3
4
N X N X
N N/) 7 SN SN y N A N
e L/ LA, ' A AL
Bn OJ
E HO AcO
4t, 87% 4t, CCDC 2431401 4u, 86% 4v, 89% 4w, 56% 4x, 81% 4y, 86%
Me3Si
MesSi N & Ns
¥
4
< N/
O ""OBoc
OAc OAc OBog OBoc

4z, 71%,d.r.=1:1

oac OAc OAc OAc

4ae, 80%, d.r. = 1:1 4af, 90%, d.r. = 1:1

4ab, 78%, d.r. = 1:1

4ag, 71%, d.r. = 1:1

4ac, 65%, d.r. = 1:1 4ad, 75%, d.r. = 1:1

D. Purine nucleotide

Me;Si N

?Reaction conditions: 1a (0.20 mmol), NaNj; (2.0 equiv., 0.40 mmol), 3a (2.0 equiv., 0.40 mmol), MnBr,-4H,0 (5 mol%, 0.01 mmol), n-Bu,NOAc
(1.0 equlv) MeCN: TFA (15:1, 3.2 mL), GF anode, Pt cathode, 5 mA, undivided cell, at room temperature under N, for 4-6 h (3.73-5.59 F

mol ™). ? Yields are based on the isolated products. ¢

(4aa, 86% yield; 4ag, 71% yield). Meanwhile, this protocol was
also effective with the purine nucleotide scaffold. Notably, the
azidoalkylation of nucleotide selectively occurred at the C6 site
of the purine subunit, yielding product 4ah in 57% yield.

Encouraged by these results, the reaction generality

wide variety of unactivated alkenes was also assessed (Table 3).

This journal is © the Partner Organisations 2026

with a

Diastereomeric ratio (d.r.) was determined by "H NMR spectroscopy.

Satisfactorily, allylic silanes such as allyldimethyl(phenyl)
silane and allyltriphenylsilane successfully delivered the
desired products 5a and 5b in 82% and 85% yields, respect-
ively. Nonfunctionalized linear differently substituted aliphatic
alkenes including monosubstituted, 1,1-disubstituted, trisub-
stituted, and tetrasubstituted alkenes underwent difunctionali-
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Table 3 Alkene scope exploration®?<

NaN

H 3 GF (+ i—“_ﬁ ()Pt R'R2 :
MnBr2 4H,0 (5 mol%)

¢ ) R4 O <’ )
n-BuyNOAc (1.0 equiv)

N
/!
n

B A R2 MeCN:TFA(15:1)
1a Ré 3 5mArt, N, 5 e
A. Acyclic alkenes
Ph,/ Ph\
s S
/
N3 N3 N3
5a, 82% 5b, 85% 5¢, 25% 5d, 52% 5e, 32%
5i,n=1,70%
) 5j,n=4,72%
" 5k,n=5,61%
N3 N3 N; 51, n =6, 60%
N3 5m,n=10, 55%
5f, 65% 5g, 63% 5h, 50%
0 (o]
HO.
5 Me\o Me)J\O HO 5
o]
N3 Ns N3 N3
5n, 43% 50, 53% 5p, 57% 5q, 42%

0
B 5r,n=4,50% O 5u,n =2, 69% N,
5s,n=5,62% 5v,n=4,71%
5t,n =6, 48% 5w, n =7, 55%

N N
3 3 5x, 55%
O 0P B. Cyclic alkenes
>r T BnO __O >
N3 N3
5y, 42%, d.r. = 2:1 52, 68% 5aa, 0% 5ab, 49%°
N3 N3 N3 O l
N3

5ac, 43%° 5ad, 50%° 5ae, 54%° 5af, 54%, d.r. = 1:1

C. Alkenes from bioactive compounds

@QiOA/\/g\Ns \@(ONQO(OWE\N;

from Piperonylic acid from Gemfibrozil
5ag, 45% 5ah, 49%

from Lumacaftor intermediate from Testosterone

5ai, 41% 5aj, 43%

“Reaction conditions: 1a (0.20 mmol), NaNj; (2.0 equiv., 0.40 mmol),
3a (2.0 equiv., 0.40 mmol), MnBr,-4H,0 (5 mol%, 0.01 mmol),
n-Buy,NOAc (1.0 equiv.), MeCN:TFA (15:1, 3.2 mL), GF anode, Pt
cathode, 5 mA, und1v1ded cell, at room temperature, under N, for
5-8 h (4.66-7.46 F mol~"). ? Yields are based on the 1solated products.
¢ Products formed in >20: 1 dr as determined by crude 'H NMR.
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zation smoothly yielding 5g-5m (50-72%), 5e-5f (32-65%), 5d
(52%), and 5c (25%), respectively. The substituent carbon
chain length exhibited an obvious influence on the reactivity
of alkenes. As the carbon chain length increased, the product
yields decreased (5i-5m, 55-72%). It is noteworthy that a large
number of functionalized alkenes were also compatible with
this system. Substituents susceptible to the Sx2 reaction with
the azide anion, such as ester, alkyl bromide, alkyl chloride,
and amide, were tolerated under the optimal conditions, yield-
ing the corresponding products 50 and 5p (53% and 57%), 5r—
5t (48-62%), 5u-5w (55-71%), and 5z (68%). This could be
due to the strong acidic reaction medium (TFA), which
reduced the nucleophilicity of the N;~.>° Substrates with oxida-
tively labile functional groups, such as carboxylic acid, alcohol,
and enolizable ketone, were also compatible with the anodic
electrolysis and resulted in products 5n (43%), 5q (42%), and
5y (42%). In particular, the reaction with internal cyclic
alkenes such as cyclohexene, norbornene, cycloheptene,
1-methylcyclohex-1-ene, and cyclononene gave the corres-
ponding products (5ab-5af) in 43%-54% yields together with
moderate to excellent diastereoselectivities (dr 1:1->20:1).
Unfortunately, the reaction with an electron-deficient alkene,
such as an a,f-unsaturated ester, failed to yield the desired
three-component product (5aa).

To our delight, the protocol was effective for a diverse range
of complex alkenes derived from natural products and
pharmaceutical molecules, including piperonylic acid, gemfi-
brozil, lumacaftor intermediate, and testosterone. The corres-
ponding products (5ag-5aj) were obtained in moderate yields
(45%, 49%, 41%, and 43%, respectively), which are attributed
to the formation of unknown side products. Despite this, the
approach remains noteworthy for its modularity and efficiency
in constructing unique vicinal azidoheteroaryl scaffolds.

The synthetic versatility of this protocol was further demon-
strated through the exploration of a broad range of heteroaro-
matics that are extremely valuable for drug discovery (Table 4).
The quinolines bearing a substituent at the C4 position
yielded the corresponding C2 azidoalkylated products (7a and
7b) in moderate yields (59-61%). Meanwhile, 2-substituted
quinolines reacted selectively at the C4 position, yielding pro-
ducts 7¢c and 7d in 54% and 45% yields, respectively.
Isoquinolines with chloride, bromide, and phenyl substituents
at the C4 or C6 position reacted well to provide C1 functiona-
lized products 7e-7h in 46-66% yields. Furthermore, pyrimi-
dine and azauracil substrates were also found to be competent,
producing three-component products 7i and 7j in 63% and
76% yields, respectively. Additionally, quinazolines underwent
selective monoalkylation at C2 or C4 to furnish 7k and 71 in
33% and 55% yields, respectively. Other N-heteroarenes, such
as quinoxaline, quinoxalinone, triazolo[4,3-b]pyridazine, benzo
[A]quinoline, and phenanthridine also furnished 7m, 7n, 7o,
7p, and 7q in 47%, 43%, 52%, 50%, and 57% yields, respect-
ively. To highlight the applicability of the protocol, we investi-
gated the late-stage direct C-H functionalization of several
complex pharmaceutical derivatives. For instance, regio-
selective azidoalkylation of fasudil at the C2 position of the

This journal is © the Partner Organisations 2026
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Table 4 Heteroarene scope exploration®?
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N™ "H

7a, 59% 7b, 61% 7c, 54% 7d, 45%
SN 7e,R=H, 46% SN SN
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79, R = Br, 65% Br N"
R 7h, 66% 7i, 63%
o}
Bn\N)kI(O SN L N\
T A0 v CC
om N N” Ph NTocl
Bn
7j, 76% 7k, 33% 71, 55% 7m, 47%
H
N._O
X T o
N NN # N
N

7n, 43% 70, 52% 7p, 50% 79, 57%

B. Late-stage alkylazidation of pharmaceuticals and natural products

(NH
.
0=8=0
X
Z
N
Fasudil Quinine Voriconazole
7r, 33% 7s, 39% 7t 41%

“Reaction conditions: 1a (0.20 mmol), NaN; (2.0 equiv., 0.40 mmol),
3a (2.0 equiv., 0.40 mmol), MnBr,-4H,0 (5 mol%, 0.01 mmol),
n-Bu,NOAc (1.0 equiv.), MeCN:TFA (15:1, 3.2 mL), GF anode, Pt
cathode, 5 mA, undivided cell at room temperature, under N, for
5-10 h (4.66-9.33 F mol™). Ylelds are based on the isolated products.

quinoline ring yielded 7r in 33% yield. Quinine, bearing a reac-
tive hydroxyl and a vinyl group, also tolerated the reaction con-
ditions and underwent selective alkylazidation at the C2 posi-
tion to give 7s in 39% yield. The antifungal drug Voriconazole

was also compatible with the reaction conditions, undergoing

regio- and chemoselective azidoalkylation to afford 7t in 41%
yield. Notably, these complex pharmaceutical molecules

exhibited a lower conversion rate, resulting in relatively lower

yields of the target products (7r-7t).

To evaluate the practicality, this electrochemical radical
cascade multicomponent Minisci reaction was tested on gram
and decagram scales (Scheme 2). To our satisfaction, a gram-
scale synthesis conducted in a batch reaction using 1a
(6.0 mmol, 1.26 ), NaN; (12.0 mmol, 0.78 g), and 3a (1.90 mL,
12.0 mmol) yielded 1.95 g of 4a with 89% yield (Scheme 2a).
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a) Reaction scale up

6 mmol scale

r' Me;Si N3
GF (+) }-ﬂ (-) Pt N SN

4
MnBry - 4H,0 (5 mol%) < | ,)
NTON
i n-BusNOAc (1.0 equiv) Bn

MeCN : TFA (15 : 1)
25mA, rt, 18 h, Ny

NaN;
<NfN 2 4a, 89% (1.95 g)
N N/) + ]

/ .
Bn A~SiMeg anode: C, cathode: Pt

Me3S|
1a
3a

60 mA, 0.2 mL-min”"
n-BugNOAc (1.0 equiv)
MeCN : TFA (15: 1), r.t.

GF (+ r“_E]()Pt

4a, 54% (1.18 g)
50 mmol scale

i NaN; Me;Si
| SN . 2 MnBr, - 4H,0 (5 mol%) \N
Z
SiMe n-BusNOAc (1.0 equiv)
Br A2 MeCN : TFA (15 : 1)
6g 3a 5mA,rt, 36 h, Ny

79, 62% (11.26 g)
b) Product transformations

Me3S|
Me3Si NHBoc HO N3
N / > N N 8
SN N
<) ,N <
N NTON
B 10, 98% Bn 5
9, 85% 11, 85%
c
b d e
Me;Si NH, )
Rl N HO NH,
</ | SN é N SN
J ¢ J N~"SN
/ N~ N7 < l P
Bn Bn NTON
8,81% 4a or 5a Bn

MeSS'\II 'L;\ CO,Me Me;Si l\f@
¢ 2 N Z~n NN
) CID
" |
NSy o N J
B 15,91% N=N 0 g N

) .
N JOQ\ 13, 85%
0 0
N
Messi 1Y o) °
N"N\=N
\
LN‘
Bn 14, 90%

Scheme 2 Gram-scale synthesis and product transformations.
Reaction conditions: (a) PPhs (1.5 equiv.), THF, 45 °C, 4.5 h then H;0O,
2 h; (b) Boc,O (1.0 equiv.), Pd/C (0.05 equiv.), EA, r.t.,, 36 h; (c) t-BuOH
(1.2 equiv.), THF, 80 °C, 1 h; (d) HBF,4 (2.0 equiv.), DCM, 0 °C, 2 h, then KF
(2.0 equiv.), KHCOs3 (1.2 equiv.), H,0O, (0.7 mL) MeOH, THF, 8 h; (e) PPhs
(1.5 equiv.), H,O (5.0 equiv.), THF, 50 °C; (f) 2-(trimethylsilyl)phenyl trifl-
uoromethanesulfonate (2.0 equiv.), CsF (2.0 equiv.), MeCN, rt, 4 h; (g)
CuSO4-5H,0 (0.2 equiv.), diacetone-p-galactose (1.5 equiv.), sodium
ascorbate (0.4 equiv.), t-BuOH/H,O/CH,Cl,, N, rt, 24 h; and (h)
dimethyl acetylenedicarboxylate (2.0 equiv.) toluene, 110 °C, 2 h.

This was similar to the result from the small-scale reaction.
The inherent green and sustainable features of the flow chem-
istry prompted us to explore the scale-up synthesis via a con-
tinuous-flow electrochemical microreactor (see SI Fig. S4 for
details). Starting with 6 mmol of purine compound (1a), the
desired product (4a) was obtained in 54% yield (1.18 g) after
24 hours in a microflow reactor, operating with a constant
current of 60 mA and a flow rate of 0.2 mL min~". Notably, the
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electrolysis of 4-bromoisoquinoline was successfully carried
out on a decagram scale, yielding 7g in 62% yield (11.26 g),
demonstrating the scalability of the method.

The synthetic applications of the obtained azidoalkylation
products were further investigated using 4a as a model sub-
strate to study the functional group derivatizations
(Scheme 2b). The reduction of the azide group in 4a using the
Staudinger reaction with PPh; produced amine 8 (81% yield).
The hydrogenation on Pd/C followed by N-protection with
Boc,0 of 4a conveniently produced 9 in 85% yield. A facile
base-promoted dehydroazidation of 4a provided Cé6-vinylpur-
ine (10) in 98% yield. The dimethyl(phenyl)silyl group in com-
pound 5a was converted to a hydroxyl group in the presence of
HBF,, yielding alcohol 11 with an 85% yield. Notably, com-
pound 11 can be converted into 1,3-amino alcohol 12 under
mild reducing conditions with 82% yield. The copper(1)-pro-
moted “click” reactions of 4a with various alkynes, such as the
Kobayashi benzyne precursor, dimethyl acetylenedicarboxylate,
and natural terminal alkyne-containing compounds like diace-
tone-p-galactose, efficiently produced triazoles 13-15 in 85%,
90%, and 91% yields, respectively.

To obtain insights into the mechanism of this electro-
chemical multicomponent Minisci reaction, a series of control
experiments were carried out (Scheme 3). Firstly, it was found
that the addition of a radical inhibitor namely BHT markedly
inhibited the product formation. The corresponding radical-
trapping product 16 was isolated and characterized by NMR
spectroscopy (see the SI), confirming the involvement of azido
radicals in the reaction (Scheme 3a). Secondly, when the
“radical clock” substrate, bisallylamine 17, was used under
standard conditions, the expected ring-cyclized product 18 was
obtained exclusively in 47% yield. This result provided strong
evidence supporting the presence of the azido radical and
suggested that the reaction proceeded through a nucleophilic
carbon-centered alkyl radical intermediate, which further
underwent a Minisci-type nucleophilic radical addition to the
C6 position of purine (Scheme 3b). Thirdly, electricity on/off
experiments demonstrated that the reaction did not proceed in
the absence of a constant current (Scheme 3c), ruling out a
long radical chain mechanism. Fourth, side-by-side kinetic
reaction studies using equimolar quantities of 1a and 1a-D
yielded an intermolecular kinetic isotope effect (KIE) value of
ku/kp = 1.1 (Scheme 3d), suggesting that the deprotonation
process is fast and likely not the rate-determining step. Finally,
we attempted the use of Mn(OAc);-4H,0 as the oxidant instead
of electricity (Scheme 3e). The reaction with 2.0 equivalents of
Mn(OAc);-4H,0 gave 4a in 51% yield. Further addition of Mn
(OAc);-4H,0 (2.0 equiv.) increased the yield of 4a to 65%,
which was still much lower than that obtained under electroly-
sis conditions. The advantages of Mn(u)-promoted electro-
chemical reactions include not only the use of a catalytic
amount of MnBr,-4H,0 but also enhanced sustainability,
higher yields, improved efficiency, and reduced environmental
impact.

Cyclic voltammetry studies were also performed. As shown
in Fig. 1A, a solution of the azide anion in MeCN showed an
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Scheme 3 Mechanistic studies.

irreversible onset oxidation potential at E, = 0.54 V (vs. SCE)
(curve b, Fig. 1A), which shifted to E, = 0.76 V (vs. SCE) upon
the addition of TFA (curve c, Fig. 1A). Mixtures of Mn(OAc),
with NaNj; exhibited a notable reduction in the onset oxidation
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Fig. 1 Cyclic voltammograms obtained using a Pt disk as the working
electrode, a Pt wire as the counter electrode, SCE as the internal refer-
ence electrode, 0.1 M "Bu4NPFg, and a scanning rate of 100 mV s~ (A)
curve a: blank; curve b: NaNs (5 mM); curve c: NaNs (5 mM) + TFA
(1 mM); and curve d: NaNz (5 mM) + Mn(OAc), (5 mM); (B) curve e:
blank; curve f: 1a (10 mM); curve g: 3a (10 mM); and curve h: 4a
(10 mM).

potential (E, = 0.21 V vs. SCE) (curve d, Fig. 1A), which could
be attributed to the formation of the Mn"-N,/Mn"™-N,
couple.’® Furthermore, the oxidation potentials of 9-benzyl-6H-
purine 1a, allyltrimethylsilane 3a, and product 4a are consider-
ably higher than that of NaN; or Mn"-Nj; (Fig. 1B). The data
suggested that NaN; or Mn"-Nj, rather than the alkene or
purine substrates, is preferentially oxidized at the surface of
the anode during the reaction. Clearly, the participation of the
azido radical was supported by the results of the radical clock
experiment (Scheme 3b).

A plausible mechanism was proposed according to our
mechanistic studies and relevant literature reports
(Scheme 4).”%?® Initially, ligand exchange with sodium azide
formed the Mn"-N; complex A. Under electrochemical con-
ditions, A underwent one-electron oxidation at the anode to
generate the reactive Mn"™'-Nj; intermediate B. The electroche-
mically generated B facilitated the formation of an azide
radical through fragmentation. An alternative pathway involved
the direct oxidation of the azide anion on the anode surface,
resulting in the same outcome. Thereafter, the obtained elec-
trophilic azido radical underwent chemoselective addition to
an alkene, instead of the protonated heteroarene, to produce
an alkyl radical intermediate C. Furthermore, Minisci-type C-
H alkylation proceeded via radical addition of the alkyl radical
C to a TFA-activated purine D, producing the radical cation
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Scheme 4 Proposed mechanism of the reaction.

intermediate E, which was converted to a neutral a-amino
radical F by the loss of a proton. According to the KIE experi-
ment, this step was not the rate-determining step.
Subsequently, F was oxidized either by Mn™ or directly at the
anode,*® forming the cationic intermediate G through another
single electron transfer (SET) process. Finally, the desired
three-component coupling product H was obtained through
the dehydrogenation of G. The acidic reaction system provided
sufficient protons for hydrogen evolution at the cathode,
which helped prevent the reduction of the manganese catalyst
and maintain charge balance throughout the electrochemical
process.

Conclusions

In summary, we have developed a general, green, and effective
electrochemical oxidative three-component Minisci reaction of
N-heteroarenes with unactivated alkenes and NaN; via a
polarity-reversal pathway. This strategy provided a route to a
diverse range of azidoalkylated heteroaromatics with signifi-
cant medicinal relevance that remained largely unexplored.
This reaction involved two highly regio- and chemoselective
polarity-driven radical addition steps with the manganese cata-
lyst acting as an electrochemical mediator by forming the
Mn"-N;/Mn™-Nj; couple. This electrocatalytic strategy features
operational simplicity, mild reaction conditions, Earth-abun-
dant Mn catalysis, wide substrate scope, and excellent func-
tional-group compatibility. It facilitated direct and selective
incorporation of important azide and heteroaryl groups across
alkenes from simple starting materials. The application poten-
tial of the developed protocol was demonstrated through a suc-
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cessful scale-up synthesis, late-stage functionalization of drug-
based complexes, and downstream transformations.
Mechanistic studies, including cyclic voltammetry, radical
trapping, and radical clock experiments, provided a reasonable
explanation for the proposed mechanism, which involved the
electrochemical generation of the azidyl radical, followed by
radical addition, nucleophilic addition, and deprotonative
aromatization.
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