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A new 1,4-amidocyanation of 1,3-enynes with N-amidopyridin-1-ium salts and TMSCN using a copper
and photoredox synergetic catalysis for producing «-amido allenyl nitriles is developed. Employing N-
amidopyridin-1-ium salts as the amidyl radical precursors, the reaction enables the formation of two new
bonds, one C(sp?)-N bond and one C(sp?)-C(sp) bond, in a single reaction step. This reaction represents a

mild, general route to the construction of the a-amido allenyl nitrile architectures, which characterizes a
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broad scope, a good functional group compatibility and an excellent selectivity.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Allenes are important structural units that exist in natural
products, pharmaceuticals, functional materials and organic com-
pounds, as well as are generally recognized as valuable synthetic
building blocks with remarkable chemical versatility in organic
synthesis [1-8]. For these reasons, innovation in general and effi-
cient methodologies for the construction of diverse functionalized
allene backbones have attracted much attention over the past few
decades [9-19]. Among them, the 1,3-enyne 1,4-difunctionalization
reaction is particularly appealing as a powerful and practical tool
to forge functionalized allenes through the simultaneous incor-
poration of two functional groups [15-66]. Traditional methods
mainly concentrate on transition-metal-catalyzed 1,3-enyne 1,4-
difunctionalization reactions with highly reactive organometallic
reagents (such as Grignard, zinc, and lithium reagents), enabling
the formation of diverse allenes via allenyl ion intermediates [15-
28]. Despite significant advancement in the field, these trans-
formations suffer from the requirement of pre-prepared func-
tional reagents and issues of substrate accessibility and cost, func-
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tional group compatibility, and selectivity. Alternatively, radical-
mediated 1,3-enyne 1,4-difunctionalization reactions [15-19] ex-
hibit broad prospects for accessing functionalized allenes through
the addition of radicals across the vinyl moiety followed by ter-
mination with various functional groups (often nucleophiles) us-
ing a transition metal oxidative catalyst [29-52] or a transition
metal and photoredox synergetic catalysis [53-66], which avoid
the need for pre-functionalization processes and broaden the scope
of the terminating functional reagents. However, methods for the
radical-mediated 1,4-difunctionalization of 1,3-enynes toward func-
tionalized allenes are much less abundant and are confronted
with the challenge of limited radical functional precursors, in-
cluding perfluoroalkyl-based Togni reagents [29], cyclobutanone
oxime esters [30], alkyl peroxides [53], alkyl N-hydroxyphthalimide
(NHP) esters [54], a N-CF; hydroxylamine [55], and sulfonyl
reagents [56-66]. Moreover, these methods are restricted to ter-
minal alkene-derived enynes and mainly concern on the 1,3-enyne
1,4-alkylcyanation verisons. Therefore, exploring new, general radi-
cal strategies applied to a diverse range of radical precursors, espe-
cially including synthetically significant nitrogen-centered radical
variants, for creating new 1,3-enyne difunctionalization reactions
toward functionalized allenes is highly desirable.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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(a) Previours work: Enantioselective 1,2-amidocyanation of 1,3-dienes
TMSCN R?

R2 R! NHR#* fac-Ir(ppy)sz (1 mol%) R!
| i BE; Cu(OTf; (20 mol%), L* (24 mol%)  R3 4
+
RS | = CHClI3 (0.1 mol/L, degassed) CN
| =z rt., N, 24 W blue LEDs
R* = Boc, Cbz NHR*

34%-73% yields (most presented
range of 34%-57% yields and
typical racemic reaction afforded
14% yield)

(b) This work: 1,4-Amidocyanation of 1,3-enynes

RS NHSO,R* [Ir(dtbbpy)(ppy)llPFe] (1 mol%)  NHsO,R
N* BF; Cu(CH3CN)4PFg (2.5 mol%) g3 R2
\ reF Y *TMsCN
. B P bpy L1 (3.5 mol%) R N
1 2 36 W blue LEDs (425 nm) 3

DCM, Ar, rt., 12 h

Scheme 1. 1,2-Amidocyanation of 1,3-dienes and 1,3-enynes.

N-Amido pyridin-1-ium salts and their derivatives have been el-
egantly utilized as an important class of functionalities, such as bi-
functional aminating reagents, nitrogen-centered nucleophilicities,
latent electrophilicities and nitrogen-centered radical precursors,
in organic synthesis [67-83]. In particular, N-amido pyridin-1-ium
salts serve as the amino nitrogen-centered radical precursors to
achieve various reactions, such as alkene difunctionalization reac-
tion, C-H amination, and initiated C(sp?)-H pyridylation [67-83].
However, to the best of our knowledge, the 1,4-amidocyanation
of 1,3-enynes initiated by amidyl radicals generated from N-
amido pyridin-1-ium salts for assembling «-amido allenes has
never been reported. Recently, Zhu and coworkers reported a
new dual photoredox and copper catalysis for enantioselective
1,2-amidocyanation of 1,3-dienes, in which N-Boc- and N-Cbz-
amidopyridinium salts, no N-Ts-amidopyridinium salts, were used
as the amino resources and TNSCN as the CN resource (Scheme 1a)
[76]. This method appears efficient with high regio- and enantiose-
lectivities, although the enantioselective 1,2-amidocyanation of 1,3-
dienes needs to perform in degassed CHCl3 with 34%-73% yields
(most are lower than 60% yields) and the racemic reaction is even
less efficient (the typical reaction in about 14% yield). On this ba-
sis, we envisioned that the amido radicals might be generated
through homolysis of the N-N bond in various N-amido pyridin-1-
ium salts, such as N-Boc-, N-Cbz- and N-Ts-substituted ones, which
would sequentially undergo addition across the enynes to form
the amido allenyl radicals and then termination by nucleophiles to
achieve the enyne 1,4-difunctionalization.

Herein, we report a new copper-catalyzed photoredox 1,4-
amidocyanation of 1,3-enynes with N-sulfonamidopyridin-1-ium
salts and TMSCN for the synthesis of w-amido allenyl nitriles
(Scheme 1b). The reaction handles the generation of the amidyl
radicals via homolysis of the N-N bond of N-(sulfonamido)pyridin-
1-ium salts enabled using a cooperative copper and photoredox
catalysis to initiate the 1,4-amidocyanation of various 1,3-enynes,
including terminal alkene-derived enynes and internal alkene-
derived enynes, thus access highly valuable a-amido allenyl ni-
triles, which is highlighted by its broad scope in 1,3-enynes and
N-sulfonamidopyridin-1-ium salts, good functional group tolerance,
and high selectivity.

We began the studies by exploring the photoredox 1,4-
amidocyanation reaction of non-1-en-3-yn-2-ylbenzene 1a, N-Ts-
amidopyridinium salt 2a and TMSCN (Table 1). After exten-
sive examination of the reaction parameters, a combination of
[Ir(dtbbpy)(ppy), |[PFs] photocatalyst (1 mol%), 36 W blue LEDs
light, Cu(CH3CN)4PFg (2.5 mol%) and 2,2’-bipyridine (bpy) L1 (3.5
mol%) in CH,Cl, (DCM) at room temperature for 12 h was found to
be optimal, enabling the formation of the desired «-sulfonamido
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Table 1
Optimization of reaction conditions.?

NHTs
'+ BET [Ir(dtbbpy)(ppy)llPFe] (1 mol%)  NHTs
e PSS Tuscy _CUCHICN)iPFg (2.5 mol%)
ol O bpy L1 (3.5 mol%)

0w R g, o
- - o - 4 N\
bpy L1 dtbbpy L2 dmbbpy L3 Phen L4

Entry Variation from the standard conditions Yield (%)

1 None 73

2 Without [Ir(dtbbpy)(ppy), ][PFs] 0

3 Ir(ppy)s instead of [Ir(dtbbpy)(ppy)2I[PFs] 41

4 Ru(bpy)3Cl, instead of [Ir(dtbbpy)(ppy), ][PFs] trace

5 Eosin Y or 4CZIPN instead of [Ir(dtbbpy)(ppy), ][PFs] trace

6 Without Cu(CH3;CN)4PFg 0

7 Cul instead of Cu(CH3CN)4PFg 35

8 CuBr instead of Cu(CH3CN)4PFgF, 21

9 CuCl instead of Cu(CH3CN)4PFg 41

10 CuOAc instead of Cu(CH3CN)4PFg 67

11 CuCl, instead of Cu(CH3CN),PFg 13

12 FeCl,, Fe(acac), or FeCls instead of Cu(CH3CN)4PFg trace

13 Without bpy L1 trace

14 dtbbpy L2 or dmbbpy L3 instead of bpy L1 53

15 1,4-Phen L4 instead of bpy L1 trace

16 DMSO, DMF, or toluene instead of DCM trace

17 MeCN instead of DCM 45

18 THF instead of DCM 31

19 White, red or purple light, or without light (in dark) 0

20 At 40 °C 72

21¢ None 64

22 N-Boc- (2b) or N-Cbz-amidopyridinium salt (2c) trace

2 Standard reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), TMSCN (0.4 mmol),
[Ir(dtbbpy)(ppy)21[PFs] (1 mol%), Cu(CH3CN)4PFs (2.5 mol%), bpy L1 (3.5 mol%),
36 W blue LED, DCM (2 mL), argon, room temperature and 12 h.

b Isolated yield.

¢ 1a (1 mmol) and 12 h.

allenyl nitrile 3aa in 73% yield (entry 1). The results show that
[Ir(dtbbpy)(ppy)2 [[PFs] photocatalyst, Cu(CH3CN)4PFg catalyst and
ligand L1 are crucial for success since omitting each led to
no detectable product 3aa (entries 2, 6 and 13). The reported
efficient Ir(ppy)s photocatalyst [74-76] was less efficient than
[Ir(dtbbpy)(ppy), |[PFs] (entry 3). However, Ru(bpy)sCl,, Eosin Y
and 4CZIPN showed no activity (entries 4 and 5). A series of other
Cu catalysts, such as Cul, CuBr, CuCl, CuOAc, and CuCl,, were found
to be inferior to Cu(CH3CN)4PFgs. However, Fe catalysts, such as
FeCl,, Fe(acac), and FeCls, show no catalytic activity (entry 12).
Further screening revealed that bpy L1 was the most active lig-
and compared with other ligands such as dtbbpy L2, dmbbpy L3,
and Phen L4 (entries 1, 14 and 15), and DCM as the solvent was
the best option compared with the results in DMSO, DMF, MeCN
or THF (entry 1vs. entries 16-18). It should be noted that no reac-
tion occurs in the dark or under white, red or purple light (entry
19). Conducting the reaction at 40 °C delivered identical results to
those at room temperature (entry 20). Significantly, the reaction
was subject to a scale up to 1mmol of 1a, giving rise to 3aa in
good yield (entry 21). Unfortunately, attempts to execute the pho-
toredox 1,4-amidocyanation with the precedent reported efficient
N-Boc- and N-Cbz-amidopyridinium salts 2b-c [74-76] failed (en-
try 22).

As shown in Scheme 2, Cu-catalyzed photoredox enyne 1,4-
amidocyanation protocol was widely applicable to 1,3-enynes 1
and 1-(sulfonamido)pyridin-1-ium salts 2 under the optimized
conditions. 1,3-Enynes containing an aryl ring with different elec-
tronic natures (electron-rich and deficient) and a steric hindrance
at position 2 smoothly underwent the 1,4-sulfonamidocyanation,
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NHSOzR4 [Ir(dtbbpy)(ppy)2][PFe] (1 mol%) NHSO,R*
Cu(CHyCN),PFg (2.5 mol%)  ga R?
R? O *+ TMSCN bpy L1 (3.5 mol%)
36 W blue LEDs (425 nm) R CN
DCM, Ar, rt,, 12 h 3

R = Me, 3ba, 68%
NHT R = Bu, 3ca, 71%

R = Ph, 3da, 60%

R=F, 3ea, 71%

R =Cl, 3fa, 66%

R = Br, 3ga, 68%

R = CF3, 3ha, 67%

R = Me, 3ia, 62%
R=F, 3ja, 64%
R = Cl, 3ka, 61%
R = Br, 3la, 68%

NHT
NHTs NHTs

R = Me, 3ma, 64%
R=F, 3na, 69%

NHT
NHT

R = Cl, 30a, 63% 3pa 66% 3qa, 52% 3ra, 41% (2:1dr)
NHTs NHTs NHTs NHTs
Cl
sz :,(_\_/_> ,:(_\_/
PH CN Ph CN
3sa 63% 3ta, 67% 3ua, 61% 3va, 71%
AcO NHTs NHTs
NHTs <l <‘ QL f =<
S:.:(D PH
a CN 3xa, 62% 3ya, 65% 3za, trace 3aaa, trace
3wa, 74%
R' = 4-Bu, 3ab, 68% Cl
7 \ R' = 4-MeO, 3ac, 62% el QO
—F = 0
o —*R' R' = 4-Ph, 3ad, 61% o o
0-¥ R' = 4-F, 3ae, 70% o=Y o-¥
NH R' = 4-Cl, 3af, 65% NH i
R'=4-Br, 3ag, 67%
" R' = 4-CF;, 3ah, 58% o o
Ph CN  R'=3-Me, 3ai, 52% Ph CN Ph CN
R' = 2-Me, 3aj, 50% 3ak, 57% 3al, 63%
{ o R*
Q, ph o, S 0=§
0=8, 0=§, NH Ts,
NH NH N—
o
. o PH CN .
Ph CN Ph CN R = Me, 3ao, trace Ph CN
3am, 60% 3an, 66% R = Bn, 3ap, trace 3aq, 62%

Scheme 2. Scope of the enynes (1) and 1-(sulfonamido)pyridin-1-ium salts
(2). Reaction conditions: 1 (0.2mmol), 2 (0.3mmol), TMSCN 3a (0.4 mmol),
[Ir(dtbbpy)(ppy)21[PFs] (1 mol%), Cu(CH3CN)4PFs (2.5 mol%), bpy L1 (3.5 mol%),
36 W blue LED, DCM (2 mL), argon, room temperature and 12 h.

furnishing 3ba-3qa in moderate to good yields. Moreover, a wide
range of substitutions, such as Me, ‘Bu, pH, F, Cl, Br, and CFs, on
the aryl ring at the para, meta, or ortho positions were well tol-
erated (3ba-3pa), and both electronic nature and steric hindrance
had no obvious influence on the reactivity. For example, 2-aryl 1,3-
enynes 1b, 1i, and 1 m bearing a Me group on the aryl ring at the
para, meta, or ortho positions were converted to 3ba, 3ia, and 3ma,
respectively, in 62%-68% yields. Most importantly, a halogen unit
such as F, Cl, and Br remains intact, thus offering a potential for
further derivatization of the resulting products (3ea-3gaa, 3ja-3la,
3na-30a). 1,3-Enyne 1p having a 3,5-dichlorophenyl group was ef-
ficiently converted to 3pa. Naphthalen-2-yl group-substituted 1,3-
enyne 1q was readily engaged in the 1,4-sulfonamidocyanation
(3qa). Gratifyingly, internal 1,3-enyne 1r was a suitable substrate
for constructing 3ra at a moderate yield. Various alkyl func-
tionalities, including n-butyl, n-hexyl, n-octyl, 4-chlorobutyl, 5-
acetoxypentyl, 2-phenylethyl, and tert-butyl groups, at the termi-
nal alkyne of the 1,3-enynes were perfectly compatible, assembling
3sa-3ya in high yields. Notably, the structure and stereoselectivity
of 3ya were unambiguously characterized using X-ray diffraction
(CCDC: 2288822). Unfortunately, enynes 1z-aa possessing a phenyl
group at terminal alkyne or a methyl group on 2 position of the
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TMSCN, ROH (3 equiv.)

NHTs
N* BF; [Ir(dtbbpy)(ppy)l[PFe] (1 mol%)
o
Cu(CH3CN)4PFg (2.5 mol%) 3an & @
bpy L1 (3.5 mol%) PH OR
36 W blue LEDs (425 nm) 59% R = Me, 4, trace

DCM, Ar, rt., 12 h 54% R =H, 5, trace

TMSCN, Additive (3 equiv.)

NHTs
+ BEC [Ir(dtbbpy)(ppy)2l[PFe] (1 mol%) NHTs
e . NSF4 Cu(CH3CN)4PFg (2.5 mol%) ®)
e | bpy L1 (3.5 mol %)
a 1a 36 W blue LEDs (425 nm) PH N
2a DCM, Ar, rt., 12 h 3aa
run Additive 3aaa
1 TEMPO trace
2 BHT 22% Ph, _NHTs
3 BQ trace
Ph PR,
4 trace 6,62%
PH
TMSX NHTs >
NHTs
BF [Ir(dtbbpy)(ppy)l[PFe] (1 mol%) (
R 4 Cu(CH3CN)4PFg (2.5 mol%) { ()
bpy L1 (3.5 mol%) Ph X

36 W blue LEDs (425 nm)
DCM, Ar, rt.,, 12 h

X =SCN: 7, trace
X =Nj: 8, trace

Scheme 3. Other nucleophiles and control experiments.

alkene moiety were inert (3za-aaa), probably due to their steric
hindrance and stability of the resulting radical intermediates.

Next, the feasibility of N-(sulfonamido)pyridin-1-ium salts
was examined in the presence of 1,3-enyne 1a, TMSCN,
[Ir(dtbbpy)(ppy), |[PFs], Cu(CH3CN)4PFg, L1 and blue LEDs light.
A broad array of functionalities, including ‘Bu, MeO, pH, F, Cl,
Br, CF3 and Me, on the aryl group of the arylsulfonamido moi-
ety were compatible with the optimized conditions, affording
3ab-aj in 50%-70% yields. In addition, the steric hindrance af-
fects the reaction: While N-(arylsulfonamido)pyridin-1-ium salt
containing a p-Me group 2a delivered a 73% yield of 3aa (entry
1, Table 1), the ones possessing an m-Me 2i or an o-Me group
2j diminished yields of 3ai and 3aj to 50% and 52%, respectively.
Dichloro-substituted 1-(arylsulfonamido)pyridin-1-ium salt 2k
accommodated to the reaction (3ak). For 1,3-enynes bearing a
phenyl, naphthalen-2-yl, or thiophene group, the reaction occurred
smoothly and delivered 3al-an in satisfactory yields. However, N-
(alkylsulfonamido)pyridin-1-ium salts 20-p is not amenable to the
1,4-sulfonamidocyanation reaction (3ao-ap), probably attributing
to the instability of the alkylamido radicals [67-83]. Interestingly,
secondary N-Me-N-Ts-amido-pyridinium salt 2q was competent to
deliver 3aq in 62% yield.

In the presence of a nucleophile like MeOH or H,0, 1,3-
enyne 1a still run the 1,4-sulfonamidocyanation reaction, not 1,4-
amidooxylation reaction (5 and 6), albeit with decreasing yields
of 3aa (Scheme 3a). Control experiments demonstrated that the
enyne 1,4-sulfonamidocyanation reaction was inhibited by a rad-
ical scavenger, including TEMPO, BHT, BQ and 1,1-diphenylalkene
(Scheme 3b). Moreover, the reaction with 1,1-diphenyalkene af-
forded N-(2,2-diphenylvinyl)—4-methyl-benzenesulfonamide 4 in
62% along with a trace of 3aa. The results indicate that this current
reaction involves a radical process. However, TMSSCN and TMSN3
had no reactivity for the photoredox 1,4-amidocyanation of 1,3-
enyne 1a with 2a (Scheme 3c).

The Stern-Volmer fluorescence quenching experiments of a
mixture of [Ir(dtbbpy)(ppy)2][PFs] and 1-(sulfonamido)-pyridin-1-
ium salt 2a were carried out (Figs. S1 and S2 in Supporting infor-
mation). The fluorescence of [Ir(dtbbpy)(ppy).][PFg] was gradually
quenched by increasing concentrations of 2a, suggesting that the
photocatalysis is initially affected by the 1-(sulfonamido)pyridin-1-
ium salt to generate the amidyl radicals. Notably, the light on-off
experiments show that visible light is crucial for success (Fig. S3 in
Supporting information).
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NHSOZR“
N*' BF4
NHSOZR“
\&’ f' R4SO NH
/
TMSCN TMSCN RU A ge
[Cu'L,JCN [CuLn]<—[Cu]
E ™s* x=1,1 I
TMSCN R2
[LnCu")(CN), «—FLE— [cu] 1
R3 F RS SO,R*
R! 1 NUR®
7})\’}‘” i <_LR\“/krqu -« H
L SO,R ¢ SO,R* RN
Cﬂm R2 B N N R2
R c
(CN), D
l\\[CU L,JCN
R!
NH
SO,R*
NC” "R?
3

Scheme 4. Possible reaction mechanism.

Based on the current results and preceding literature stud-
ies [15-19,29-83], a plausible mechanism for this copper-catalyzed
photoredox enyne 1,4-sulfonamidocyanation protocol was pro-
posed (Scheme 4). Single electron transfer (SET) between the ex-
cited state Ir''* and 1-(sulfonamido)pyridin-1-ium salt 2 to form
the Ir'Y species and the 1-(sulfonamido)pyridine radical A, followed
by cleavage of the N-N bond with the aid of the [CuXL,] species
to generate the amidyl radical intermediate B [67-83]. Addition of
the intermediate B across the C=C bond of 1,3-enyne 1 affords the
radical intermediates C and D. Meanwhile, the reaction of the ac-
tive CulL, species, which is generated through coordination of the
[Cu*] species and bpy L1, with TMSCN affords the CulL,CN inter-
mediate E, which sequentially undergoes photooxidation with the
Ir'V species and TMSCN to deliver the CullL,(CN), intermediate F
and regeneration of the active Il species [29-83]. The addition of
the intermediate F to the intermediate D gives rise to the gener-
ation of the allenyl-Cu'L,CN intermediate G [29-66,76]. Reductive
elimination of the intermediate G delivers the desired product 3
and the Cu'L,CN intermediate E. The other role of the Cu catalyst
and ligand may weakly coordinate with the resulting radicals to
stabilize/activate them.

In summary, we have developed the first radical-mediated 1,4-
amidocyanation of 1,3-enynes with N-amidopyridin-1-ium salts
and TMSCN for producing a-amido allenyl nitriles using a coopera-
tive copper and photoredox catalysis. This method enables the for-
mation of two new bonds, one C(sp?)-N bond and one C(sp?)-C(sp)
bond, in a single reaction, and represents a mild, general route to
the synthesis of o-sulfonamido allenyl nitriles featuring broad sub-
strate scope, good functional group compatibility and excellent se-
lectivity.
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