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Cationic-palladium catalyzed regio- and
stereoselective syn-1,2-dicarbofunctionalization of
unsymmetrical internal alkynes

Shubham Dutta® !, Shashank Shandilya', Shengwen Yang?, Manash Protim Gogoi', Vincent Gandon?3® &

Akhila K. Sahoo® 1™

n-Extended tetrasubstituted olefins are widely found motifs in natural products, leading
drugs, and agrochemicals. Thus, development of modular strategies for the synthesis of
complex all-carbon-substituted olefins always draws attention. The difunctionalization of
unsymmetrical alkynes is an attractive approach but it has remained faced with regioselec-
tivity issues. Here we report the discovery of a regio- and stereoselective syn-1,2-dicarbo-
functionalization of unsymmetrical internal alkynes. A cationic Pd-catalyzed three-component
coupling of aryl diazonium salts, aryl boronic acids (or olefins) and yne-acetates enables
access to all-carbon substituted unsymmetrical olefins. The transformation features broad
scope with labile functional group tolerance, building broad chemical space of structural
diversity (94 molecules). The value of this synthetic method is demonstrated by the direct
transformation of natural products and drug candidates containing yne-acetates, to enable
highly substituted structurally complex allyl acetate analogues of biologically important
compounds. Synthetic versatility of the carboxylate bearing highly substituted olefins is also
presented. The reaction outcome is attributed to the in situ formation of stabilized cationic
aryl-Pd species, which regulates regioselective aryl-palladation of unsymmetrical yne-
acetates. Control experiments reveal the synergy between the carboxylate protecting group
and the cationic Pd-intermediate in the regioselectivity and reaction productivity; density
functional theory (DFT) studies rationalize the selectivity of the reaction.
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etrasubstituted and m-extended olefins are widespread in

numerous natural products, leading drugs, and agro-

chemicals. They also hold potential applications in
electron-transport materials and light-emitting diodes!~%. The
carbometallation of unsaturated C-C bonds has always been a
gateway to biologically valuable feedstocks. In this regard, the
carbopalladation has been the most prominent and widely used
process®. The transition metal-catalyzed alkyne dicarbofunctio-
nalization by interrupting two cross-couplings [for example:
Suzuki and Heck] offers a potential entry to highly substituted
olefins. However, in contrast with the directed olefin
dicarbofunctionalization®~14, this approach often suffers from
insolvable regioselectivity issues. Mostly, the state-of-the-art
regioselective carbometallation of unsymmetrical alkynes is
restricted to inherently polarized substrates (Fig. la-i)!>-30,
2-pyridylsilyl alkynes (Itami; Fig. 1a-ii)31-33 or sterically hindered
borylated alkynes (Wang; Fig. 1a-iii)34. The Larock’s Pd-catalyzed

a) Strategies towards regioselective aryl-metallation (unsymmetrical diarylation)

i. polarized alkynes ii. 2-pyridylsilyl alkyne

A

syn-1,2-diarylation of unsymmetrical alkynes is also a great
strategy to access all-carbon-substituted olefins (Fig. la-iv);
however, it suffers from several limitations3>-3°. For instance, syn-
1,2-diarylation of diaryl-substituted alkynes occurs at an elevated
temperature to deliver a mixture of regioisomers in moderate
selectivity (Fig. la-iv). In case of aryl-alkyl alkynes, the arylation
takes place at the less-hindered site of alkyne, resulting in better
regioselectivity (Fig. la-iv), but only with Me and Et groups.
Thus, the syn-1,2-diarylation of unsymmetrical alkynes is sub-
strate specific. An interesting aminopyridine directing group
(DG) guided regioselective hydroarylation of alkynes with aryl
boronic acids for the construction of trisubstituted olefins has also
been described (Engle, Fig. 1b)37-38. Overall, DG, ligand and the
electron-bias of the alkyne are essential features in regioselective
alkyne difunctionalization. The recent reports of Lan and Cheng
feature an impressive DG free anti-carbopalladation of internal
alkynes, the steric clash between the ortho-substituted aryl halide

iv. Larock's strategy

iii. N-methylimidodiacetyl
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Fig. 1 Comparison between hydro- and difunctionalization of alkynes and the conceptual blueprint of a general cationic Pd-catalyzed
dicarbofunctionalization of Yne-acetates. a (i) Difunctionalization of electronically polarized alkynes: the incoming aryl group forms bond at the electron-
deficient carbon center. (ii) Difunctionalization of 2-pyridylsilyl alkynes: the metal coordination to the pyridyl-N makes the C-aryl bond p to silyl group. (iii)
Difunctionalization of N-methylimidodiacyl boron alkynes: the aryl group approaches the less-hindered side of borylated-alkyne. (iv) syn-1,2-Diarylation of
diaryl-substituted alkynes occurs at an elevated temperature, providing a mixture of regioisomers. In case of aryl-alkyl alkynes, only the smaller alkyl groups
(i.e., methyl/ethyl) allow the aryl-moiety to approach from the less-hindered side of the alkyne. b Pd-catalyzed aminopyridine-directed regioselective
hydroarylation of alkynes happens through proximity-driven carbopalladation followed by protodemetalation. ¢ anti-carbopalladation of alkyne driven by
steric repulsion between ortho-substituted aryl halide and bulky-ligands. d Our strategy: regioselective dicarbofunctionalization of yne-acetates: because of
the non-covalent lone pair repulsion between ligated Pd and the carbonyl of acetate group, the ligated cationic Pd species preferably approaches at the 8
-carbon over a-carbon of the yne-acetate; as a result, intermediate Il is favored over intermediate Il
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and the bulky ligated Pd(II) species making the anti-addition to
alkyne possible at an elevated temperature®®. In addition, Werz
and co-workers designed an anti-carbopalladation reaction
within a cascade process via 14 valence electron Pd species as
crucial intermediates?0-42, In this context, the development of a
ligand free regioselective syn-1,2-dicarbofunctionalization of
unsymmetrical alkynes to build tetrasubstituted olefins appears to
be a worthwhile endeavor.

We herein report a cationic Pd-catalyzed 1,2-dicarbofunctio-
nalization of unsymmetrical alkynes (Fig. 1c). As per DFT studies
(vide infra), the reaction relies on a site-selective coordination of a
cationic Pd(II) species, generated in situ by the oxidative addition
of an aryl diazonium salt*>#* to Pd(0), to an yne-acetate (I)
(Fig. 1¢).

This results in a syn-a-arylated-Pd-intermediate II. The lone
pair repulsion between the carboxylate moiety and the Pd-
complex possibly excludes syn-B-arylated-Pd-intermediate III.
Further functionalization of vinyl-Pd(II)-cationic species II with
aryl boronic acids (or olefins) delivers highly substituted olefins
(or dienes). This strategy leads to structurally diverse all-carbon-
functionalized olefins (94 molecules) in a single step from readily
available yne-acetates. The transformation is highly regio- and
stereoselective, even in the absence of external ligand and DG. A
comparativereactivity profile and mechanistic pathway of the
current method over Larock’s strategy for high regioselectivity
throughput is established by various control experiments.

Result and discussion

Reaction optimization. To investigate the 1,2-diarylation of
structurally simple yne-acetates [i.e. propargyl acetates (PAs) to
start with], a three-component reaction of 1,3-diphenylprop-2-
yn-1-yl acetate (la), p-methoxyphenyl diazonium tetra-
fluoroborate (2a), and p-tolyl boronic acid (3a) in presence of
Pd,(dba); as the catalyst and a base was performed (Fig. 2; see
also Supplementary Table 3, SI). An extensive screening led to the
optimized reaction conditions: [1a (1.0 equiv), 2a (3.0 equiv), 3a
(1.5 equiv), Pd,(dba); (5.0 mol%) and K;PO, (1.5 equiv) in 1,4-
dioxane/DMSO (9:1) at 25°C, 6 h]. With these, the unsymme-
trical syn-diarylation product 4 was isolated in 73% yield (Fig. 2,
a). NaHCOs;, KH,PO,, KF and CsF proved to be less efficient
bases (b-e). Compound 4 was isolated in 16% in the absence of

standard
conditions
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ﬁ
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base (f). Lower yields were obtained when other Pd(0) catalysts
[Pd(dba),, Pd,(dba);CHCl;, Pd(PPh;),,] were used (g-i). The
solvents THF, 1,4-dioxane, DMSO, toluene or DMF did not
improve the outcome (j-n). The reaction concentration did
influence the product yield 4 (0-q). The reaction was less efficient
when 2a (2.0 equiv) and 3a (1.2 equiv) were used (r).

Scope of unsymmetrical diarylation. This breakthrough
encouraged us to investigate the reaction scope (Figs. 3-5). The
reactivity of the aryl boronic acid partners was first probed
(Fig. 3). The reaction of electron-rich p-substituted aryl boronic
acids [p-Me (3a), p-OCF; (3b)] with 1a and 2a provided 4 and 5
in good yields. Likewise, the tetrasubstituted olefins 6-9
(62-76 %) were constructed from phenylboronic acid (3¢) and
electron-poor aryl boronic acids [p-CO,Me (3d), p-CF; (3e), p-
CN (3f)] when exposed to 1a and 2a. Although halo groups are
usually amenable to cross-couplings under Pd(0)-catalysis, to our
delight, the halogen-substituted aryl boronic acids [p-F (3g), p-Cl
(3h), p-Br (3i)] proved compatible with the title reaction, leading
to 10-12 in good yields. The transformation was compatible with
meta- and ortho-substituted aryl boronic acids as well, leading to
the densely functionalized tetrasubstituted olefins 13-17
(59-84%). The desired 2-naphthyl, 4-ethylthiophenyl, 3-thienyl-
bearing allyl acetates 18-20 (58-69%) were also assembled from
the methyl-substituted yne-acetate 1b. The unsubstituted PA 1c
also proved to be a relevant substrate; various aryl boronic acids
[p-Me (3a), p-OMe (3r), p-H (3¢c), p-NO, (3s), and p-I (3t)] were
coupled to provide 21-25. The bulky 9-phenanthrene boronic
acid was not an exception, providing the m-extended product 26
in 61% yield. Next, the three-component couplings of aryl dia-
zonium tetrafluoroborates 2 with 1b and 3r/3d were surveyed.
The reaction of 1b, 3r and diverse arene diazonium salts [phenyl
(2b), electron-rich m-Me (2c), electron-poor m-CF; (2d), p-Br
(2e), and m,p-diCl (2f)] provided 27-31 in good yields. The allyl
acetate 29 was isolated as regioisomeric mixture (91:9). A car-
bazole bearing diarylation product 32 was isolated in 75% yield.
The OBn protecting group and the oxidizable SePh group were
unaffected under this Pd-catalysis, giving access to 33 and 34.
Likewise, 35 (51%) was made from the reaction of 1c with 2j and
3r. We next scrutinized the reactivity of unsymmetrical alkynes
(Fig. 3). The reaction of PAs [having aryl motifs: p-Me, p-OMe,

Me
Ph O

| b) NaHCOj3 as base

AcO
O c) KH,PO4 as base
R oMe d) KF as base

4 ) CsF as base
f) No base
g) Pd(dba), as catalyst®
h) Pd,(dba)z-CHCI; as catalyst
i) Pd(PPhj), as catalsyt

a) None

64% 64%

THF as solvent

1,4-dioxane as solvent

DMSO as solvent

p) 0.5M concentration
q) 1M concentration

r) 2.0 equiv. of 2a and 1.2 equiv of 3a

Fig. 2 Optimization of the reaction conditions?. 2Isolated yield. 1a (0.2 mmol), 2a (0.6 mmol), 3a (0.3 mmol), cat. (0.01 mmol) and base (0.45 mmol).

510 mol%.
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Fig. 3 Scope of alkynes, aryl boronic acids, and aryl diazonium salts?. All yields correspond to products isolated as a single stereo- and regioisomer,

unless otherwise stated. 21 (0.3 mmol), 2

(0.9 mmol), 3 (0.45 mmol). Ac acetyl and Bz benzyol.

p-F, p-Br, p-CF;, p-COMe, p-CO,Me, m-CN, m-NO,, m,m’
-diNO,, and m,p-methylenedioxy at the alkyne terminus] with 2a
and 3c independently furnished the desired products 36-47
(62-93%). Likewise, the m-extended 2-naphthyl- and heteroaryl 2-

thienyl-enabled tetrasubstituted olefins 48 and 49 were con-
structed. Irrespective of n-propyl and various aryl-moieties at the
propargyl position of PAs, the diarylation was equally effective in
making 50-57. In general, sterically bulky substituents severely
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affect cross-couplings. Nevertheless, syn-diarylation of cyclohexyl
and cyclobutyl tethered PAs with 2a and 3¢ provided all-carbon-
substituted olefins 58 and 59. X-ray analysis confirmed the
structure of 58 (CCDC 2096145 contains the supplementary
crystallographic data for compound 58). A macrocycle dodecane
tethered diarylation product 60 was also fabricated. However, the
terminal ynamide led to a complex mixture instead of providing
the respective diarylation product. The product complexity jus-
tifies moderate yields (<50%); in such cases, the reaction was
incomplete with recovery of unreacted PAs. To test the potential
coordination ability of the carboxylate group, diarylation of yne-
acetates with different tether lengths between the alkyne and the
acetate functionalities was probed. Irrespective of the acetate
position in yne-acetates, syn-diarylation of alkyne motifs was
highly regioselective, furnishing 61-63 in moderate yields (Fig. 3).
The diarylation of alkyl-substituted PAs lae/laf independently
with 2a and 3¢ under the optimized condition has led to 64 (9%)
and 65 (trace). In these cases, reaction was complex forming
arylative dimerization of alkyne (confirmed by HRMS analysis)
along with unreacted precursors (see the SI Supplementary
Figs. 19 and 32). Next, the reaction of O-benzoate and O-benzyl
protected propargyl alcohols with 2a and 3¢ afforded 66 (56%)
and 68 (42%) respectively. On the other hand, the reaction of
O-tosyl protected alkyne led to a complex mixture including a
low amount of 67 (<5%); the low yield is possibly due to the facile
cleavage of the labile C-OTs bond. The reaction of alkynes having
unprotected hydroxy group or phthalimide group at the pro-
pargyl position with 2a and 3c delivered the desired diarylation
products 69 and 71 in moderate yield with good regioselectivity.
Unfortunately, the identical transformation of propargyl sulfo-
namide did not give the desired diarylation product 70. The
reaction is scalable to the gram, as shown by the preparation of 38
(1.2g, 73%) from the coupling of 1a (1.0g, 2.67 mmol), 2a
(1.77 g, 8.01 mmol) and 3¢ (0.5g, 4.00 mmol) using Pd,(dba),
(3.0 mol %) (Fig. 3).

Substrate scope of aryl-alkenylation. n-Conjugated scaffolds are
widely found in molecules of pharmaceutical importance and
light-emitting-diode materials!. We thus attempted to trap the
cationic vinyl palladium species, obtained after aryl-palladation of
the alkyne moiety, with olefins for constructing m-conjugated
dienes (Fig. 4). As envisaged, the reaction of 1b, 2a and ethyl
acrylate (72a) under the optimized conditions of entry 1, Fig. 2,
successfully led to 73 in 66% yield. To enhance the reaction
productivity, bases and solvents were further screened (Supple-
mentary Table 4, SI). The Na,HPO, base and DMSO:DMF (1:1)
solvent combination were found optimum; 73 was isolated in
82% vyield. Next, the reaction of wide ranges of acrylates and
acrylonitriles with 1b and 2a under the adapted catalytic condi-
tions furnished the desired conjugated dienes such as 73 (82%,
93:7), 74 (76%, 93:7), 75 (47%, 93:7) and 76 (51%, 92:8). Methyl-
vinyl ketone is usually susceptible to polymerization*>; despite
this potential issue, 77 was isolated in 54% vyield and 97:3
regioisomeric ratio. This difunctionalization even worked with
styrenes, affording 78 (93:7), 79 (91:9), 80 (91:9), and 81 (91:9) in
58-82% vyield. However, identical transformations with methyl-
vinyl sulfone or vinyltrimethoxysilane did not provide the desired
aryl-alkenylation products 77’ and 77”. Rather substantial
amount of hydroarylation product was observed along with
unreacted yne-acetate. The products 82 (63%, 89:11) and 83
(44%, 92:8) were made from the couplings of 1b and 72a with 2f
and 2j, respectively. The PAs [having aryl motifs: p-Me, p-F, p-Br,
n-extended 2-naphthyl or 2-thienyl at the alkyne terminus] were
independently coupled with 2a and 72a to deliver 84-88 in good
yields along with 5-10% minor isomer. Likewise, 89-91 were

made, albeit in moderate yield, from the reaction of PAs [with
variation of substituents, m,p-methylenedioxy-phenyl, 2-naph-
thyl, n-Pr, and cyclopropyl at the propargyl position] with 2a and
72a. Even the sterically encumbered di-Me, cyclopentyl, and
cyclobutyl tethered PAs were successfully converted into unusual
n-conjugated dienes 92-95 (42-86%). Thus, the cationic Pd-
catalytic system did not virtually affect the reaction outcome and
the strained cyclopropyl ring, labile halo groups, and easily
modifiable functional groups were well tolerated (Figs. 3 and 4).

Scope of pharmacophore-coupled alkynes and synthetic
applications. Late-stage difunctionalization of unsymmetrical
alkynes having biologically relevant motifs (BRMs) is invaluable
for the sustainable development of complex molecules with
enhanced pharmacokinetic properties. However, BRMs with
polar groups and unsaturated moieties often cause problems for
cross-coupling reactions, as the TM binding ability could lead to
substrate decomposition and affect the difunctionalization effi-
ciency. We were therefore intrigued by the viability of the cationic
Pd-catalyzed double arylation of pharmacophore-coupled alkynes
1 (Fig. 5). Once again, the title reaction proved reliable: tetra-
substituted allyl acetates encapsulated fatty alcohol [vitamin-E-
tocopherol (96)], steroid [cholesterol (97)], and terpenoid [ger-
aniol (98)] were produced in 45-72% yields from the diarylation
of respective BRMs-coupled PAs with 2a and 3c. We further
probed the efficacy of the regioselective diarylation using mar-
keted drug molecules containing unsymmetrical alkynes. Thus,
reaction of the anti-epileptic drug, bipolar disorder, and migraine
preventer valproic acid coupled PA with 2a and 3¢ provided
highly substituted allyl acetate 99 in 65% yield. Likewise, non-
steroidal anti-inflammatory drug containing allyl acetate 100 was
made in good yield.

We next probed the synthetic versatility of the newly
constructed tetrasubstituted allyl-acetates. The p-TSA driven
intramolecular Friedel-Crafts arene cyclization of 58/59 led to
unusual cyclohexyl/cyclobutyl spiro-fused indene derivatives 101
(65%) and 102 (83%), respectively, and peripheral-substituted
indenes 38—103 (89%) and 4—104 (79%). Likewise, electro-
philic cyclization of 23 provided indanone 105 in 58% yield. Fully
substituted propargyl alcohols [38— 106 (81%); 23— 107 (77%)]
were accessed from the KOH mediated hydrolysis of the acetate
motif. Dess-Martin periodinane (DMP)-mediated oxidation of
106 and 107 delivered methyl-vinyl ketone 108 (78%) and
acrolein 109 (72%), respectively; further functionalization of
carbonyl groups is therefore possible. Allylation and hydrolysis of
n-extended ester 73 yielded allylic-3°-alcohol 110 and o,p-
unsaturated carboxylic acid 111.

Mechanistic studies. To shed light on the reaction mechanism
and importance of ArN,BF,, cationic palladium species, and
acetate (OAc) group for the notable regioselectivity outcome in the
1,2-diarylation of PAs, a series of experiments was planned
(Fig. 6a-d). The reaction of electronically diverse PAs (having
aryl-moiety p-OMe (lau)/p-COMe (lav) at the alkyne terminus)
were independently subjected to different reaction conditions:
{Larock’s conditions: eq 1 [p-methoxyphenyl (PMP)-I, PhB(OH),,
Pd(PhCN),Cl,, K,CO3, DMF:H,0 (4:1), rt]}, {standard conditions
(SC) of current reaction: eq 2 [PMP-N,BF,, PhB(OH),, Pd,(dba)s,
K5PO,, 1,4-dioxane:DMSO (9:1), rt]}, and {SC of current reaction:
eq 3 [PMP-I instead PMP-N,BF,]}. As anticipated, the diarylation
products 112 (57%) and 113 (74%) with regioisomeric excess (re)
100% and 94%, respectively, were formed (eq 2, Fig. 6a). On the
other hand, the identical reaction under Larock’s conditions
provided poor productivity as well as low re 112 (11%, 50% re)
and 113 (21%, 56% re) (eq 1, Fig. 6a). In comparison, 112 (13%,
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Fig. 4 Scope of aryl-olefination of alkynes?. All yields correspond to products isolated as a single stereo- and regioisomer, unless otherwise stated. 21

(0.3mmol), 2

54% re) and 113 (24%, 20% re) were observed when the reaction
was performed with PMP-I instead PMP-N,BF, under the SC (eq
3, Fig. 6a). It appears that cationic palladium species [obtained
in situ by the oxidative addition of PMP-N,BF, with Pd(0) cata-
lyst] play a crucial role in the control of the regioselectivity as well
as productivity. Likewise, 1,2-diarylation of p-MeO-CsH, (1aw)/p-
MeOC-CgH, (1ax)-"butyl alkynes with PMP-1/ PMP-N,BF, along
with PhB(OH), independently led to [114 (38%, 68% re) and 115
(42%, 82% re) under Larock’s conditions, shown in eq 4, Fig. 6b]
and [114 (61%, 78% re) and 115 (70%, 80% re) under SC, shown
in eq 5, Fig. 6b]. Thus, 114 (~70% re) and 115 (~80% re) with
regioisomeric products mixture obtained in the diarylation of
lar/las (with no carboxylate moiety) irrespective of Larock/SC
suggests that alkynes with electronic variation marginally affect
both selectivity and productivity. On the other hand, diarylation of
yne-acetates occurs with excellent regioselectivity (eq 2, Fig. 6a);
notably, the electronic properties of functional groups did virtually
not show any impact.

To further validate the importance of the acetate group,
sterically hindered phenyl cyclohexyl alkyne lay was subjected to
PMP-I, and PhB(OH), under Larock’s reaction conditions (eq. 6,
Fig. 6¢); the respective product 116 (28%, 74% re) was isolated in
low yield and moderate regioselectivity (eq 6, Fig. 6¢). By contrast,
reaction of 1y, exhibiting an acetate group at the propargyl
position of lay, with PMP-N,BF, and PhB(OH), under the SC
furnished 58 (51%) in 100% re (eq 7, Fig. 6¢). Moreover, 1y failed
to give the desired diarylation product 58 under Larock
condition, thus, cationic Pd species is essential (eq 8, Fig. 6¢).
From the mechanistic discussions highlighted in eqs 1-8, Fig. 6,
we conclude that the outcome and regioselectivity of syn-1,2-
diarylation of unsymmetrical alkynes are strongly influenced by

(0.9 mmol), 72 (0.45 mmol). @Hydroarylation product was observed (see 117, Fig. 6d). ND not determined.

the carboxylate protecting group and the in situ formation of a
stabilized cationic Pd intermediate.

DFT calculations. To gain insight into the reaction mechanism
and notably the stereo/regioselectivity of the 1,2-diarylation of
PAs, DFT calculations were performed at the MO6L/def2-
TZVPP(SMD)//BP86/LANL2DZ(Pd)_6-31G(d,p) level of theory
(Fig. 7, see also the SI for the cross-coupling part, the case of
substrates with longer tethers and the case of an unreactive
methylalkyne). The transformation begins with the barrierless
oxidative addition of Pd(DMSO), (a) to the phenyl diazonium
salt b to provide the cationic Pd-complex 1A. 62 Next, coordi-
nation of 1A to PA 1c is possible by substitution of N,. However,
this process could happen in three different ways, via (i) the
coordination of the C=C bond of 1c to form complex !B by
releasing 6.7 kcal/mol of free energy (Fig. 7; blue) (ii) the coor-
dination of both the C=C bond and the ester group in 1c to
provide 1E with the release of 4.5 kcal/mol of free energy (Fig. 7;
red), and (iii) the coordination of the ester group in 1c to generate
1G, this step being endergonic by 1.8 kcal/mol (Fig. 7; gray). Thus,
the ester group participation for the replacement of N, in 1A is
not necessary. Next, a suprafacial a-aryl migration from Pd to the
C=C bond of B (syn-insertion) proceeds through transition state
1TS%¢, found at 6.3 kcal/mol on the free energy surface, and
results in the Pd- alkenyl ester complex 1C% This complex lies at
-19.1 kcal/mol on the free energy surface with trans-relationship
of two phenyl groups. Intramolecular neighboring group parti-
cipation of the ester group at C* of 1B can provide the Pd-alkenyl
heterocyclic complex !D through !TSgp (12.6 kcal/mol);
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however, this process needs an additional 6.3 kcal/mol activation
energy and is thus ruled out.

Alternatively, a-aryl migration of ester chelate 1E forms
intermediate 1F® (~14.3 kcal/mol) through 1TS% (10.7 kcal/mol).
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a) Role of ArN,BF, in regioselective unsymmetrical diarylation

b) Role of OAc group in regioselective unsymmetrical diarylation
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Fig. 6 Mechanistic studies. a Three comparative reactions were performed with electronically diverse propargyl acetates under the {Larock’s reaction
conditions: eq 1 [PMP-I, PhB(OH),, Pd(PhCN),Cl,, K,CO3, DMF:H,0 (4:1), rt]}, {standard conditions (SC) of current reaction: eq 2 [PMP-N,BF,,

PhB(OH),, Pdy(dba)s, K3POy, 1,4-dioxane:DMSO (9:1), rt]}, and {SC of cu

rrent reaction: eq 3 [PMP-| instead of PMP-N,BF,]}. Excellent regioselectivity

has been observed in eq 2; thus, PMP-N,BF, and cationic palladium species are pivotal. b Two comparative reactions were performed with electronically

diverse aryl-butyl alkynes using Larock’s reaction conditions (eq 4) and the

SC of current reaction (eq 5). ¢ Two comparative reactions were independently

performed with sterically hindered Ph-cyclohexyl alkyne and cyclohexyl tethered PA under the Larock's reaction conditions (egs. 6 and 8) and SC current

reaction (eq. 7), respectively. d Trapping of cationic vinylic Pd(ll) species in

the absence of aryl boronic acid. Note: inseparable regioisomers are isolated as

mixture and the regioisomeric excess (re) is determined by TH NMR. PMP p-methoxyphenyl.

boronic acid followed by reductive elimination gives the final
diarylation product (Supplementary Scheme 9). We have studied
various tether lengths of the yne-acetate and found that the C®-
arylation process is always favored over the C®-arylation
(Supplementary Schemes 10-15). To rationalize this selectivity, a
distortion/interaction and non-covalent interactions analysis of the
aryl migration transition states 1'TS% and 1TSB, ¢ (that includes
substrate fragment and aryl-palladium fragment) was performed
(see right side in Fig. 7 and Supplementary Figs. 14-16). The large
rotation angle for B-aryl migration (see the SI: 36.12° for 'TSPgc
and 7.34° for 1TS%) contributes to excess distortion energy
[+6.0 kcal/mol; that includes both aryl - palladium (+3.68 kcal/
mol) and substrate (+2.32 kcal/mol) distortion]. In addition, a large
level of non-covalent lone pair repulsion of the carboxylate moiety
with ligated DMSO for TSP (+4.1 keal/mol) relative to 1TS%
was detected.

In summary, a regio- and stereoselective syn-1,2-dicarbofunc-
tionalization of unsymmetrical alkynes involving structurally

8

distinct carbon functionalities has been developed. The cationic
Pd!l-catalyst plays an essential role in modulating the regiose-
lective insertion of aryl-diazonium salts and boronic acids/olefins
to the unsymmetrical alkynes. The transformation proceeds at
room temperature and tolerates oxidizable halo-species (I/Br),
easily transformable functionalities (CO,Me, CN) and strained
rings, thus opening a broad chemical space [94 examples]. It is
even successful on the gram scale. Carboxylate protecting
group and the in situ formation of a stabilized cationic Pd
intermediate solely responsible for the outcome and regioselec-
tivity of syn-1,2-diarylation of unsymmetrical alkynes. DFT
studies rationalize the a-arylation preference over p-arylation of
PAs and discard direct participation of the acetate as a DG. The
highly substituted olefins are subsequently used for the
construction of functionalized indene, methyl-vinyl ketone, and
acrolein skeletons. The current finding paves the way to the
discovery of unknown difunctionalization strategies of unacti-
vated alkynes.
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Methods

General procedure for the syn-1,2-difunctionalization reactions. To a mixture
of alkyne 1 (0.3 mmol), aryl diazonium tetrafluoroborate 2 (0.9 mmol), aryl boronic
acid 3 or olefin 72 (0.45 mmol), Pd catalyst (0.015 mmol) and base (0.45 mmol)
was added the respective solvent. The resulting reaction mixture was stirred at
25 °C for 6 h. The reaction progress was periodically monitored by TLC. The
solvent was next removed either by water workup or by evaporation under reduced
pressure. The organic layer was extracted in ethyl acetate (3 x 10 mL) and dried
over Na,SO,. The organic layer was evaporated and purified by column chroma-
tography over neutral alumina to afford 4-100 and 112-113. The compounds are
sensitive to acidic silica gel and thus, final product purification was carried out on
neutral alumina.

Data availability

Data relating to the characterization of materials and products, general methods,
optimization studies, experimental procedures, mechanistic studies and NMR spectra are
available in the Supplementary Information. Crystallographic data for compound 58 is
available free of charge from the Cambridge Crystallographic Data Centre under
reference number 2096145.

Code availability

No code was developed, the commercially available Gaussian software has been used.

Received: 16 September 2021; Accepted: 27 January 2022;
Published online: 16 March 2022

References

1. Kasiotis, K. M. et al. Novel carbonyl analogs of tamoxifen: design, synthesis,
and biological evaluation. Front. Chem. 5. https://doi.org/10.3389/
fchem.2017.00071 (2017).

2. Ahmed, N. S. et al. Design and synthesis of novel tamoxifen
analogues that avoid CYP2D6 Metabolism. Eur. J. Med. Chem. 112, 171-179
(2016).

3. Joly, D. et al. Phosphole-based p-conjugated electroluminescent materials for
OLEDs. N. J. Chem. 34, 1603-1611 (2010).

10.

12.

13.

15.

16.

17.

Ran, G.-Y. et al. Asymmetric cascade assembly of 1,2-diaza-1,3-dienes and
a,B-unsaturated aldehydes via dienamine activation. Org. Lett. 19, 1874-1877
(2017).

Diifert, A. & Werz, D. B. Carbopalladation cascades using carbon-carbon
triple bonds: recent advances to access complex scaffolds. Chem. Eur. . 22,
16718-16732 (2016).

Akai, K., Matsukawa, N., Takahashi, A. & Fujii, T. Three-component coupling
reactions of alkyl iodides, 1,3-dienes, and carbonyl compounds by sequential
generation of radical and anionic species with CrCl,. Angew. Chem. Int. Ed.
37, 152-155 (1998).

Liao, L., Jana, R., Urkalan, K. B. & Sigman, M. S. A palladium-catalyzed
three-component cross-coupling of conjugated dienes or terminal alkenes
with vinyl triflates and boronic acids. J. Am. Chem. Soc. 133, 5784-5787
(2011).

Wu, X. et al. Enantioselective 1,2-difunctionalization of dienes enabled by
chiral palladium complex-catalyzed cascade arylation/allylic alkylation
reaction. J. Am. Chem. Soc. 137, 13476-13479 (2015).

Yamamoto, E. et al. Development and analysis of a Pd(0)-catalyzed
enantioselective 1,1-diarylation of acrylates enabled by chiral anion phase
transfer. J. Am. Chem. Soc. 138, 15877-15880 (2016).

Tu, H. Y. et al. Enantioselective three-component fluoroalkylarylation of
unactivated olefins through nickel-catalyzed cross-electrophile coupling. J.
Am. Chem. Soc. 142, 9604-9611 (2020).

Garcia-Dominguez, A., Li, Z. & Nevado, C. Nickel-catalyzed reductive
dicarbofunctionalization of alkenes. J. Am. Chem. Soc. 139, 6835-6838 (2017).
Wang, F., Wang, D., Mu, X., Chen, P. & Liu, G. J. J. Am. Chem. Soc. 136,
10202-20205 (2014).

Ni, D. & Brown, M. K. Three-component Ni-catalyzed silylacylation of
alkenes. ACS Catal. 11, 1858-1862 (2021).

You, W. & Brown, M. K. Diarylation of alkenes by a Cu-catalyzed
migratory insertion/cross coupling cascade. J. Am. Chem. Soc. 136,
14730-14733 (2014).

Gao, P, Chen, L.-A. & Brown, M. K. Nickel-catalyzed stereoselective
diarylation of alkenylarenes. J. Am. Chem. Soc. 140, 10653-10657 (2018).
Milde, B., Reding, A., Geffers, F. J., Jones, P. G. & Werz, D. B. Intramolecular
trans-dicarbofunctionalization of alkynes by a formal anti-carbopalladation/
stille cascade. Chemistry 22, 14544-14547 (2016).

Guo, L., Song, F., Zhu, S, Li, H. & Chu, L. syn-Selective alkylarylation of
terminal alkynes via the combination of photoredox and nickel catalysis. Nat.
Commun. 9, 4543 (2018).

NATURE COMMUNICATIONS | (2022)13:1360 | https://doi.org/10.1038/s41467-022-28949-7 | www.nature.com/naturecommunications 9


https://doi.org/10.3389/fchem.2017.00071
https://doi.org/10.3389/fchem.2017.00071
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Li, Z., Garcia-Dominguez, A. & Nevado, C. Nickel-catalyzed stereoselective
dicarbofunctionalization of alkynes. Angew. Chem. Int. Ed. 55, 6938-6941
(2016).

Yang, Z. & Koenigs, R. M. Photoinduced palladium-catalyzed
dicarbofunctionalization of terminal alkynes. Chemistry 27, 3694-3699 (2021).
Lv, Y., Pu, W. & Shi, L. Copper-catalyzed regio- and stereoselective 1,1-
dicarbofunctionalization of terminal alkynes. Org. Lett. 21, 6034-6039 (2019).
Liua, W. & Kong, W. Ni-Catalyzed stereoselective difunctionalization of
alkynes. Org. Chem. Front. 7, 3941-3955 (2020).

Shibata, K., Satoh, T. & Miura, M. Palladium-catalyzed intermolecular three-
component coupling of aryl iodides, alkynes, and alkenes to produce 1,3-
butadiene derivatives. Org. Lett. 7, 1781-1783 (2005).

Shibata, K., Satoh, T. & Miura, M. Palladium-catalyzed intermolecular three-
component coupling of organic halides with alkynes and alkenes: efficient
synthesis of oligoene compounds. Adv. Synth. Catal. 349, 2317-2325 (2007).
Satoh, T., Tsurugi, H. & Miura, M. Catalytic synthesis of oligoene and enyne
derivatives through carbometalation of internal alkynes. Chem. Rec. 8,
326-336 (2008).

Shi, M., Liu, L.-P. & Tang, J. Enynylation of 2-Iodo-4-(phenylchalcogenyl)-1-
butenes via intramolecular chelation: approach to the synthesis of conjugated
dienynes or trienynes. Org. Lett. 7, 3085-3088 (2005).

Xue, F., Zhao, J., Hor, T. S. A. & Hayashi, T. Nickel-catalyzed three-
component domino reactions of aryl grignard reagents, alkynes, and aryl
halides producing tetrasubstituted alkenes. J. Am. Chem. Soc. 137, 3189-3192
(2015).

Liu, S., Zeng, X. & Xu, B. (E)-Alkene synthesis via nano-copper/homogeneous
palladium co-catalysis and selectivity amplification. Asian J. Org. Chem. 6,
507-511 (2017).

Yamamoto, T., Ishibashi, A. & Suginome, M. Rhodium-catalyzed C(sp2)-H
addition of arylboronic acids to alkynes using a boron-based, convertible
ortho-directing group. Chem. Lett. 46, 1169-1172 (2017).

Corpas, J., Mauleon, P., Gémez Arrayds, R. & Carretero, J. C. anti-
Hydroarylation of activated internal alkynes: merging Pd and energy transfer
catalysis. Org. Lett. 22, 6473-6478 (2020).

Dutta, S. et al. Keteniminium-driven umpolung difunctionalization of
ynamides. Angew. Chem. Int. Ed. 59, 10785-10790 (2020).

Gourdet, B., Smith, D. L. & Lam, H. W. Rhodium-catalyzed carbometalation
of ynamides with organoboron reagents. Tetrahedron 66, 6026-6031 (2010).
Itami, K., Kamei, T. & Yoshida, J. Diversity-oriented synthesis of tamoxifen-
type tetrasubstituted olefins. J. Am. Chem. Soc. 125, 14670-14671 (2003).
Ryan, J. & Micalizio, G. C. An alkoxide-directed carbometalation of internal
alkynes. J. Am. Chem. Soc. 128, 2764-2765 (2006).

Lin, E. E. et al. Regio- and stereoselective synthesis of tetra- and triarylethenes
by N-methylimidodiacetyl boron-directed palladium-catalysed three-
component coupling. Commun. Chem. 2. https://doi.org/10.1038/s42004-019-
0137-0 (2019).

Zhou, C.,, Emrich, D. E. & Larock, R. C. An efficient, regio- and stereoselective
palladium-catalyzed route to tetrasubstituted olefins. Org. Lett. 5, 1579-1582
(2003).

Zhou, C. & Larock, R. C. Regio- and stereoselective route to tetrasubstituted
olefins by the palladium-catalyzed three-component coupling of aryl iodides,
internal alkynes, and arylboronic acids. J. Org. Chem. 70, 3765-3777 (2005).
Liu, Z., Derosa, J. & Engle, K. M. Palladium(II)-catalyzed regioselective syn-
hydroarylation of disubstituted alkynes using a removable directing group. J.
Am. Chem. Soc. 138, 13076-13081 (2016).

Liu, M. et al. Atom-economical cross-coupling of internal and terminal
alkynes to access 1,3-enynes. J. Am. Chem. Soc. 143, 3881-3888 (2021).

Lv, W. et al. Palladium-catalyzed intermolecular trans-selective
carbofunctionalization of internal alkynes to highly functionalized alkenes.
ACS Catal. 10, 10516-10522 (2020).

Pawliczek, M., Schneider, T. F., Maaf}, C., Stalke, D. & Werz, D. B. Formal
anti-carbopalladation reactions of non-activated alkynes: requirements,
mechanistic insights, and applications. Angew. Chem. Int. Ed. 54, 4119-4123
(2015).

41. Reding, A., Jones, P. G. & Werz, D. B. Trans-Carbocarbonation of internal
alkynes through a formal anti-carbopalladation/C-H activation cascade.
Angew. Chem. Int. Ed. 57, 10610-10614 (2018).

42. Reding, A., Jones, P. G. & Werz, D. B. Intramolecular trans-carbocarbonation
of internal alkynes by a cascade of formal anti-carbopalladation/cyclopropanol
opening. Org. Lett. 20, 72667269 (2018).

43. Schmidt, B., Hoelter, F., Berger, R. & Jessel, S. Mizoroki-heck reactions with
4-phenoldiazonium salts. Adv. Synth. Catal. 352, 2463-2473 (2010).

44. Smidt, B., Berger, R, Kelling, A. & Schilde, U. Pd-Catalyzed [242+1]
coupling of alkynes and arenes: phenol diazonium salts as mechanistic
trapdoors. Chemistry 17, 7032-7040 (2011).

45. White, T. & Haward, R. N. The preparation and polymerisation of methyl
vinyl ketone. J. Chem. Soc. 25-31 (1943).

Acknowledgements

This research was supported by the SERB-India (grant no: CRG-2019-1802). We thank
the University of Hyderabad (UOH-IoE: UPE-CAS and PURSE-FIST) for overall facility.
S.D. and M.P.G. thank CSIR and UGC, India, for fellowship. V.G. thanks CNRS, UPS
and Ecole Polytechnique for financial support. SY is grateful to CSC for PhD grant. We
used the computing facility of CINES (project A0070810977).

Author contributions

AK.S. and S.D. conceived the idea; S.D. performed most of the experiments; S.S. assisted
the synthesis of compounds 87-95; M.P.G. helped in the synthesis of compounds 51-57;
S.D. collected the NMR, IR, and HRMS data, analyzed, and wrote the data; S.Y. and V.G.
performed DFT calculations; A.K.S. and V.G. guided the project and wrote the manu-
script. V.G. guided and wrote the DFT part.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-28949-7.

Correspondence and requests for materials should be addressed to Vincent Gandon or
Akhila K. Sahoo.

Peer review information Nature Communications thanks Daniel Werz and the
anonymous reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:1360 | https://doi.org/10.1038/s41467-022-28949-7 | www.nature.com/naturecommunications


https://doi.org/10.1038/s42004-019-0137-0
https://doi.org/10.1038/s42004-019-0137-0
https://doi.org/10.1038/s41467-022-28949-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Cationic-palladium catalyzed regio- and stereoselective syn-1,2-dicarbofunctionalization of unsymmetrical internal alkynes
	Result and discussion
	Reaction optimization
	Scope of unsymmetrical diarylation
	Substrate scope of aryl-alkenylation
	Scope of pharmacophore-coupled alkynes and synthetic applications
	Mechanistic studies
	DFT calculations

	Methods
	General procedure for the syn-1,2-difunctionalization reactions

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




