Gold-Catalyzed Migratory Insertion of Alkynes
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Abstract: Herein, for the first time, we disclose the migratory insertion of alkynes into Au(III)-C bonds in a catalytic fashion. Experi-
mental results clearly suggest that the migratory insertion pathway predominates over the m-activation pathway - a finding further support-
ed by the Density Functional Theory (DFT) calculations. The observed regioselectivity underscores the distinct advantages and comple-

mentarity of gold catalysis in comparison to palladium catalysis.

Over the last two decades, gold catalysis has firmly estab-
lished a prominent position in organic synthesis due to their soft
n-acidic nature. However, owing to the high redox potential of
the Au(l)/Au(l11) couple (E° = +1.41 V), gold does not readily
undergo two-electron redox cycle.? Over the years, there has been
significant advancement in the field of gold redox catalysis, large-
ly centered on the following reactivity principles: a) employing
external oxidants,® b) utilizing aryl diazonium salts in combina-
tion with photocatalyst,* ¢) employing EBX reagents,® and d)
utilizing electricity.® Recently, the ligand-enabled Au(l)/Au(lll)
catalysis has evolved as a new technique, expanding the repertoire
of gold redox catalysis. The potential of this strategy has been
showcased for the development of various cross-coupling as well
as 1,2-difunctionalization reactions of C-C multiple bonds.”®

Migratory insertion represents a crucial elementary process
within organometallic chemistry, frequently encountered for most
transition metals.® However, in the realm of gold catalysis, the
migratory insertion step remained elusive for a long time.X® As far
as stoichiometric studies are concerned, there exist few reports on
migratory insertion in gold chemistry (Scheme 1A). The migrato-
ry insertion of C—C multiple bonds into Au(I)-H, Au(I)-Si,
Au(II)—0, Au(IIT)-C have been reported by the research group of
Bochmann,'*  Amgoune/Bourissou,’> and Tilset,’® respectively.
Further, Toste and co-workers demonstrated the migratory inser-
tion of SO2 and carbenes into Au(I)-C and Au(III)-C bonds,
respectively.* Bower/Russell and co-workers developed the mi-
gratory insertion of CO into the Au(II)-C bond in a stoichio-
metric manner.’> As far as catalytic versions are concerned, our
group demonstrated the gold-catalyzed Heck reaction, which in-
volves the sequence of migratory insertion/s-H elimination in a
catalytic fashion (Scheme 1Ba).'¢ Xie and co-workers reported the
iodo-alkynylation reaction involving the gold-catalyzed migratory
insertion of benzynes (Scheme 1Bb).!7 Interestingly, there exists
no report on the gold-catalyzed migratory insertion of alkynes.

We envisioned that the Au(lll) complex I, generated after the
oxidative addition of aryl iodide 1 with MeDalPhosAuCl, would
undergo 1,2-migratory insertion with alkyne 2 to form vinyl
Au(I11) complex 1. The vinyl Au(I11) complex Il would undergo
intramolecular cyclization to form auracycle 111 which upon re-
ductive elimination would afford the product 3 (Scheme 1Bc).
The details of reaction development, substrate scope, and mecha-
nistic studies have been reported herein. Experimental results
combined with DFT calculations suggest that the migratory inser-
tion pathway operates over the w-activation pathway, marking this
work as the first example of the migratory insertion of alkynes
into Au(III)-C bonds in a catalytic manner.
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Scheme 1. Background and synopsis of present work

We initiated our investigation by using 2-iodo-1,1'-biphenyl
la (1.0 equiv) with ethyl 4-((4-methoxyphenyl)-ethynyl)benzoate
2a (1.0 equiv) in the presence of MeDalPhosAuCl (10 mol%) and
AgSbFs (1.1 equiv) in DCE (0.1 M) at 80 °C (Table 1). Unfortu-
nately, we observed the formation of hydration product 3a’ as
major (20% yield) along with the desired product 3a in 12% yield
(entry 1). The introduction of 1.0 equiv of K2COs improved the
yield of 3a up to 35%, while increasing its equivalence did not
provide any better results (entries 2-3). Pleasingly, the formation
of the hydration product was suppressed by increasing the equiva-
lence of 1a (entry 4-5). Further, the screening of silver salts re-
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vealed a detrimental effect on the yield of the reaction (entries 6-
7). Notably, the screening of bases and solvents (entries 8-12)
revealed that using '‘BuONa as a base significantly improves the
yield of 3a up to 92% (entry 12). Further, lowering the reaction
temperature to 40 °C led to a diminished yield (entry 13).

Table 1. Optimization of reaction conditionsf2!

OMe

|O 10 mol% OMe
O MeDalPhosAuCl o) CO,Et
| x equiv AgY
I e ‘ : O
equiv Base
O DCE (0.1M) O O MeO 3
O 80°C,14h

1a 2a 3a OB
CO,Et
Entry 1a_ AgY_ Bas_e % Yield
(equiv) (x equiv) (equiv) 3a 3a’
1 1 AgSbFs (1.1) None 12 20
2 1 AgSbFs (1.1) K.CO;3 (1) 35 25
3 1 AgSbFe (1.1) K2COs(2) 35 23
4 15 AgShFs (1.6) K,CO3 (1) 42 18
5 2 AgSbFe (2.1) K.COs (1) 65 10
6 2 AgNTH, (2.1) K.COs (1) 57 15
7 2 AgOTf (2.1) K2COs (1) <5 ND
8 2 AgSbFe(2.1) KsPO4 (1) 48 27
9 2 AgSbF, (2.1) DTBP (1) 10 ND
10 2 AgSbFe (2.1) Cs,COs(1) 56 15
11 2 AgSbFe (2.1) '‘BuONa(l) 75 8
12¢ 2 AgSbFs (2.1) 'BuONa(l) 92 6
13¢ 2 AgSbFe(2.1) BUONa(l) 70 15

[@Reaction conditions: 0.1 mmol 1a, 0.1 mmol 2a, 0.01 mmol MeDalPho-
sAUCI, 0.11 mmol AgSbFs, DCE (0.1 M), 80 °C, 14 h. Plisolated yields.
°DCM was used instead of DCE. “Reaction was performed at 40 °C for
24 h. ND = Not detected.

With the optimal reaction condition identified, we first ex-
plored the substrate scope of alkynes 2 by using 2-iodo-1,1'-
biphenyl 1a as a model substrate (Figure 1a). To our delight, vari-
ous electronically biased internal alkynes 2 reacted efficiently
under the optimized reaction conditions to afford the correspond-
ing phenanthrene derivatives 3. For instance, unsymmetrical di-
aryl alkynes containing 4-methoxyarene and different electron-
deficient groups (-CO2Et, -CO2Me, -Ac, -NOz, -CN, -Ms, -SO2Ph,
-CFs, -F, -Ph) at the para/meta position of the other arene were
well tolerated, providing 3a-3k in good to excellent yields (51—
92%). Next, the presence of weakly donating groups such as tri-
fluoromethoxy and methyl groups at the aryl alkyne also afforded
the corresponding products 3I-3m in good yields (42-60%). Fur-
ther, methyl 4-((3,4-dimethoxyphenyl)ethynyl)benzoate 2n fur-
nished the desired product 3n in excellent yield (96%). Various
unsymmetrical alkynes bearing electronically diverse substituents
(20-2r) worked well to deliver the products 30-3r in 45-76%
yields. Notably, the present methodology is also suitable for
symmetrical alkynes, generating the corresponding products 3s—
3w, in good to excellent yields (38-91%). Gratifyingly, alkynes
containing various halo-substituents (-F, -Cl, -Br) were well toler-

ated under the standard reaction conditions to furnish the products
3x-3z in moderate yields (53-57%). However, the symmetrical
diaryl alkynes (2aa—2ab) bearing either electron-rich or electron-
deficient group did not provide desired products. Next, 3,5-di-
substituted diaryl alkyne 2ac reacted smoothly to furnish the de-
sired product 3ac in 83% vyield.

Next, we evaluated the scope of aryl iodides 1 using 2b as an
alkyne coupling partner (Figure 1b). In particular, aryl iodides
bearing various electron-rich substituents at the para position
delivered the products 3ad-3af in 72-95% yields. The structure of
product 3ae was confirmed by X-ray crystallographic analysis.!®
Electron-deficient aryl iodides 2ag and 2ah were found to furnish
the products (3ag-3ah) in slightly lower yield (31-60%), while 2ai
failed to provide the desired product 3ai. This observation aligns
with our earlier result that electron-rich aryl iodides are required
for migratory insertion in gold-catalyzed Heck reactions.'® Fur-
thermore, aryl iodides having electron-rich, and halo substituents
present at different positions of the pendant aryl ring reacted effi-
ciently to afford the corresponding products 3ak-3ar in good to
excellent yields (46-81%).

Next, the usefulness of the method has been showed for the
synthesis of polycyclic aromatic hydrocarbons (PAHs) (4a-4d)
via the Scholl reaction (Figure 1c).1® Interestingly, when 3b was
subjected to Scholl reaction conditions, spiro-fused PAH 4e’ was
obtained in 67% yield.

To shed light on the reaction mechanism, a few control exper-
iments were performed (Figure 2). First, in order to investigate the
effect of alkyne on the oxidative addition step, a stoichiometric
reaction was carried out and monitored by 3'P NMR spectroscopy
(Figure 2a). We observed that, in the presence of electronically
biased alkynes 2b, complete oxidative addition of aryl iodide 1b
with MeDalPhosAuCl occurred after 30 min via the intermediacy
of Au(l)-complex IV. This observation suggests the role of al-
kynes in hampering the rate of oxidative addition.®"?° Further, the
formation of putative Au(lll) intermediates | (m/z = 928.2392)
and D (m/z = 1066.4212) was also confirmed by mass spectro-
metric studies (Figure 2b).

Next, we questioned whether oxyarylation of alkynes could
produce a-aryl ketones 5a, which, upon condensation reaction,
would afford the desired product 6ae (Figure 2c). To check this
possibility, when 4-iodoanisole 5b and alkyne 2a were subjected
under standard conditions, we observed the formation of hydra-
tion product 3a" in 52% yield, instead of a-aryl ketones 5c (Figure
2d).2* Moreover, if this pathway is operational, regioiso-
mer 6ae would form. Since we did not observe the formation of
6ae, the possibility of oxyarylation-condensation cascade has
been ruled out.
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Figure 1. Scope of the reaction[b]
[BIReaction conditions: 0.2 mmol 1a, 0.1 mmol 2a, 0.01 mmol MeDalPhosAuCl, 0.21 mmol AgShFe, 0.1 mmol ‘BuONa, DCM (0.1 M), 80 °C, 14 h.
Msolated yields. ©lComplex reaction mixture. NR = No reaction. 1 equiv 3, 2 equiv DDQ, 10 equiv TfOH, DCM (0.021 M), 0 °C-rt, 5 min.
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a) 3'P NMR study: Oxidative addition of MeDalPhosAuCl with 1b in presence of alkyne
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Figure 2. Mechanistic investigations

Based on the literature reports,®2° observed regioselectivity and
control experiments, we propose the 1,2-migratory insertion
pathway over the n-activation pathway (ESI, Section 8).?2 Further,
to get a deeper insight into the reaction mechanism, DFT compu-
tations were performed with the Gaussian 16 set of programs
utilizing 1b and 2b as model substrates.?? The investigation start-
ed from the putative Au(lll) alkyne complex A, which was used
as reference of the free energies (Figure 2e). Due to the presence

of an electron-rich arene group at the alkyne moiety, this species
converges as a vinyl carbocation on the para-methoxyphenyl side.
A direct addition of the ortho carbon of the phenyl group (see
grey dot in A) of the bipheny! core to the carbocation could not be
modeled. A relaxed scan revealed an infinite rise of energy. At-
tempts were made to use a base during this approach (‘BuO") to
assist the SeAr process, but the steric bulk brought about by the
adamantyl and N-methyl substituents prevented it (Figure 2e,

4
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bottom left). In A, the para-methoxyphenyl group stabilizing the
vinyl cation is oriented in the same direction as the phenyl group
of the biphenyl moiety. It is, therefore, possible to define B, in
which the methylbenzoate moiety is oriented towards this phenyl
group. The latter is less stable by 4.5 kcal/mol. However, only B
has the appropriate orientation to allow a 1,2-insertion process
into the Au(I11)-Car bond (see side views, bottom left). The corre-
sponding transition state, TSec, was located at 16.9 kcal/mol on
the free energy surface. The resulting migratory insertion complex
C (-14.7 kcal/mol) is formed in an appreciably exergonic fashion,
the gold atom being coordinated by the biphenyl carbon para to
the methoxy group. We then studied the auration of the ortho
carbon of the phenyl group. Again, the approach of the phenyl
group towards the gold center did not lead to a transition state,
suggesting that a base is required. This time, enough space was
found to use 'BuO~ during the approach of the phenyl group (see
TScp). The resulting carboauration transition state TScp (—14.3
kcal/mol) was located 0.4 kcal/mol above C. After elimination of
'BUOH, the cyclometallated complex D (—88.4 kcal/mol) is ob-
tained in a markedly exergonic way. The reductive elimination
was achieved through TSpe (—84.4 kcal/mol), which is close in
energy to D. This step benefits from a strong stabilization due to
the aromatic character of the formed ring, providing complex E
lying as low as —146.3 kcal/mol on the free energy surface. Over-
all, the mechanism presented in Figure 2e is energetically feasible
and rationalizes the observed regioselectivity. Another set of
computations using la and 2-butyne as model unbiased alkyne
was also performed.??

Next, we conducted comparative studies between gold cataly-
sis approach with Larock's palladium-catalyzed reaction? to un-
derstand regioselectivity differences (Scheme 2). Interestingly,
under palladium catalysis, a mixture of regioisomers (3ae + 6ae,
3as + 6as, 3at + 6at, 3au + 6au, and 3ad + 6ad) was obtained;
whereas, gold catalysed reactions provided a single regioisomer
(3ae, 3as, 3at, 3au and 3ad). The observed regioselectivity in
gold catalysis can be attributed to the high carbophilic nature of
Au(l1) species, which polarizes the alkyne and distinguishes be-
tween the two C(sp)-centers.

In conclusion, we report the first example of the migratory in-
sertion of alkynes into Au(Ill)-C bonds in a catalytic manner.
Experimental results combined with DFT calculations suggest that
the migratory insertion pathway operates over the m-activation
pathway. The utility of the products has been demonstrated for the
synthesis of various PAHSs via Scholl reaction. Given the pivotal
role of alkyne migratory insertion in organic synthesis,® and the
fact that gold exhibits complementary reactivity as compared to
other transition metal catalysts,8920024 we foresee tremendous
development in the field.
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Scheme 2. Observed regioselectivity: gold vs palladium cataly-
sistaPl

[@IReactions conditions: 0.2 mmol 1a, 0.1 mmol 2a, 0.1 mmol MeDalPho-
sAUCI, 0.21 mmol AgSbFs, 0.1 mmol ‘BuONa, DCM (0.1 M), 80 °C, 14
h. Plisolated yields. Larock conditions: 0.1 mmol 1a, 0.11 mmol 2a,
0.005 mmol Pd(OAc),, 0.2 mmol NaOAc, 0.1 mmol LiCl, DMF (0.1 M),
100 °C, 24 h. lCombined yields.
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