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ABSTRACT: An unconventional cobalt(Ill)-catalyzed one-pot domino double annulation of aryl
thioamides with unactivated alkynes is presented. Sulfur (S), nitrogen (N), and o0,0-C—H bonds of aryl
thioamides are involved in this reaction, enabling access to rare 6,6-fused thiopyrano-isoquinoline
derivatives. A reverse ‘S’ coordination over more conventional ‘N’ coordination of thioamides to Co-
catalyst specifically regulates the formation of four [C—C and C-S at first and then C—N and C—C]
bonds in a single operation, a concept which is uncovered for the first time. The power of the N-masked
methyl phenyl sulfoximine (MPS) directing group in this annulation sequence is established. The
transformation is successfully developed, building a novel chemical space of structural diversity (56
examples). In addition, late-stage annulation of biologically relevant motifs and drug candidates are
disclosed (17 examples). Preliminary photophysical properties of thiopyrano-isoquinoline derivatives
are discussed. Density functional theory (DFT) studies authenticate the participation of a unique 67-

electrocyclization of a 7-membered S-chelated cobaltacycle in the annulation process.

Introduction

Transition metal (TM)-catalyzed heteroatom-aided oxidative C—H annulation of arenes have
drawn significant attention, as these methods are largely applicable for the construction of
complex molecular scaffolds.! Such proximity-driven atom- and step-efficient annulation
strategies are synthetically valuable for the construction of natural and non-natural products,
biologically important candidates, and molecules relevant to materials.? In spite of a broad
synthetic versatility, these annulation methods forming C—C, C—N, and C—O bonds are typically
based on the use of precious 4d- and 5d-late transition metal-based catalysts (Rh, Ru, Pd, and
Ir).>* Meanwhile, the more abundant, relatively inexpensive and less toxic 3d—TM cobalt
complexes, such as Cp*Co(Ill)-type species,” have emerged as attractive alternatives to the
expensive Rh and Ir catalysts and have allowed to uncover mono-functionalization/cyclization
processes involving unactivated arene C—H bonds guided by a directing group (DG) (Fig. 1A,

right).” In contrast, the use of such Co-catalyst for the direct unsymmetrical di-



functionalization of inert C—H bonds, which requires two DGs, is unknown and more
challenging (Fig. 1A, left). Along these lines, the heteroatom-guided double annulation of arenes
C—H bonds with alkynes has been realized by the coordination of ‘N’ to Ru, Rh, and Ir.*? In that
respect, the coordination of amide ‘N’ over ‘O’ has granted access to polycyclic amides,
wherein a metalated isoquinolone B-I species plays a crucial role (Fig. 1B).” With thioamides,
such complexation of ‘N’ to TM over ‘S’ provides isoquinolones,!®® as metalated-

thioisoquinolone B-II is prone to hydrolysis under such oxidative conditions (Fig. 1B).!%
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Figure 1. Directing group assisted double annulations of arenes and challenges



Perhaps the propensity of ‘S’ to oxidation, the coordination competition between ‘S’ and ‘N’ to
the TM catalyst, or the ‘S’ poisoning effect on the TM catalyst makes the second C—H
functionalization difficult (Fig. 1C).!° A worthwhile endeavor would thus be to develop an
annulation method linked to the construction of S-enabled heterocycles through C—H activation
of thioamides.!! Envisaging a complete coordination switch-over from ‘N’ to ‘S’ to TM would
result in a metalated isothiochromenimine species D-I from mono—annulation of thioamide’s
S—moiety with an alkyne (Fig. 2A). Second annulation of D-I could then possibly form a

hitherto unknown S,N-bearing double annulation product (Fig. 2B).
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Figure 2. Concept of double annulation of thioamides

To make this objective feasible, a thioamide with N-masked DG is inevitable since Rh-catalyzed
annulation of benzothioamides with alkynes explicitly delivers indenones;!? the transformation
possibly involves C—N bond cleavage of intermediate D-II and a subsequent desulfurization
(Fig. 2A).!> We therefore considered using a transformable masked-imine equivalent N-
methylphenyl sulfoximine (MPS) DG, which cleaves in a redox-neutral pathway to form a
sulfoxide (see the mechanistic part),” to allow the double annulation of arylthioamides with
alkynes using a Co(Ill) catalyst, which is unprecedented (Fig. 2B). Salient features of the

transformation are: coordination preference of ‘S’ to Co-catalyst over ‘N’ in the mono-



annulation of MPS-enabled thioamides; in-situ cleavage of sulfoximine N=S bond to make
isothiochromenimine—Co intermediate D-III; construction of a wide array of rare 6,6-fused
thiopyrano—isoquinoline skeletons; late stage double annulation of pharmaceutically active

compounds and drug molecules; mechanistic insights through complete DFT studies.

Results and Discussion

To assess the cascade unsymmetrical double annulation shown in Fig. 2B, a reaction between N-
[4-methylbenzothioyl]-S-methyl-S-phenylsulfoximine (1a; 1.0 equiv) and 1,2-diphenyl
acetylene (2a; 3.0 equiv) was examined using an air stable Co-precatalyst (Table 1).!* The
catalytic system [{Cp*Co(CO)I2} (10 mol%), AgSbF¢ (20 mol%), Cu(OAc)2-H20 (1.0 equiv)]
in 1,2-dichloroethane (DCE) at 120 °C for 24 h was at first tested (entry 1). The desired sulfur
and nitrogen enabled 6,6-fused thiopyrano-isoquinoline 3a was gratifyingly obtained in 59%
yield. The reaction was found clean by TLC and crude 'H NMR, despite the usual instability of
thioamides towards oxidative catalytic systems. The metal acetate seems crucial since 3a was
not detected as trace in the absence of Cu(OAc)>-H2O (entry 2). In addition to the putative
oxidative role of the additive in the regeneration of the active cobalt(IIl) species, it is likely that
its acetate ligands are part of the concerted-metalation-deprotonation (CMD) process (see the
mechanistic part below).'® Accordingly, different acetate sources [NaOAc, KOAc, CsOAc,
Zn(OAc)2-:2H>0, and AgOAc] were screened, but they proved to be less efficient than
Cu(OAc)>-H>O (entries 3—7). Interestingly, the use of anhydrous Cu(OAc)> improved the yield
to 68% (entry 8).!! The additives AgBF4, NaSbFs, and KPFs were evaluated under the
conditions of entry 8 (entries 9—11), but only AgBF4 effectively led to 3a in 55% yield (entry 9).
Among the solvents tested DCE, PhMe, DMF, HFIP, CH3CN, 1,4-dioxane, or TCE (entries 8,
12—14), DCE was clearly the most efficient one (entry 8). The yield of 3a was increased to 76%

when the reaction was performed using the Cp*Co(CO)I> complex (15 mol%), AgSbFs (30



mol%), and Cu(OAc)2 (1.5 equiv) (entry 15). Rising the temperature to 130 °C further improved
the yield of 3a to 87% (entry 16).1°

Table 1. Optimization of the Reaction Conditions®
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®Reaction conditions: 1a (0.3 mmol), 2a (0.9 mmol), [Cp*Co(CO)I.] (10 mol%), additive-1 (20 mol%), additive-
2 (0.3 mmol), solvent (2.0 mL) at 120 °C. "Isolated yield. \[Cp*Co(CO)I.] (15 mol%), AgSbFs (30 mol%), and

Cu(OAC), (1.5 equiv).  Reactions were carried at 130 °C. NR = no reaction. ND = not determined.



To validate the role of the DGs in this study, the annulation of thioamides (I-IV, see bottom of
Table 1) with 2a was attempted under the optimized conditions. However, no desired product
was formed when N-unprotected (I), N-methyl (II), and N-pyrrolidinyl (IIT) thioamides were
independently exposed to the catalytic system; complex reaction mixtures were observed in
most cases with complete degradation of the thioamides. The reaction of the N-methoxy
protected thioamide IV with 2a was also unsuccessful. !! Thus, the MPS-DG is essential to
access the thiopyrano-isoquinoline skeleton.

To probe the reaction generality, the double annulation of MPS-enabled thioamides
la—s (prepared via EDC coupling of aryl carboxylic acids with MPS followed by Lawesson
reaction; see the SI) with alkynes was explored under the optimized conditions shown in Table
1, entry 16, and the results are detailed in Schemes 1-3. '3 At first, annulation of various MPS-
thioamides with 2a was surveyed (Scheme 1). The electron-donating groups [p-Me, p-‘Bu, and
p-OMe; p-OPh, p-OBn, and p-OCF3 (protecting unit)] at the aryl motif of thioamides 1a—f were
perfectly tolerated, leading to the desired double annulation products 3a—f in 79-92% yield
(Scheme 1a). Likewise, electron-neutral phenyl-group enabled 3g was constructed in high yield
(82%). Readily transformable halo groups (F, CI, Br, or I) proved also compatible, leading to the
respective thiopyrano-isoquinolines 3h—k in good yields (Scheme 1a). The n-conjugated 31 was
isolated in 83% yield. Thioamides 1m—o exhibiting electron-withdrawing p-CF3, p-NO», and p-
CO:Me groups at the aryl moiety also reacted efficiently with 2a to furnish 3m—o in 69-84%
yield (Scheme 1a). Thus, electron-bias of thioamides did virtually not affect the reaction
outcome. Of note, the Lewis basic CN, keto and pyridyl groups did not compete with the MPS-
thioamide as potential DGs. The MPS-guided selectivity was indeed still observed with 1p—r,
furnishing the thiopyrano-isoquinolines 3p (68%), 3q (72%), and 3r (61%) (Scheme 1a). Thus,
MPS-DG is highly precise for site selective C—H metalation and annulation sequence of

thioamides in presence of other coordinating groups.'* In general, the DG—-modulated annulation



of meta—substituted arenes provides inseparable mixtures of cyclized manifolds (Scheme 1b). In
our case, due to the steric demand around one of the ortho C—H arene bond imposed by the meta
R? group, it is likely that the first annulation takes place at the less hindered one.!® The structure
of the major product would therefore inform if the first annulation on the R! side involves the S
or the N atom. In other words, the study of this regioselectivity issue could validate the
hypothesis of ‘S’ vs ‘N’ coordination preference. Unsymmetrical double annulations of meta-
substituted thioamides with 2a were thus accomplished. An inseparable mixture of thiopyrano-
isoquinolines 3s and 3s' was isolated when m-methoxy thioamide 1s was exposed to 2a (10:1;
57%). X-ray crystallographic analysis indisputably elucidated the molecular topology of the

major isomer 3s.'°

Scheme 1. Synthesis of 6,6-fused thiopyrano-isoquinolines
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®Reactions were carried out with 1 (0.3 mmol), 2 (0.9 mmol), [Cp*Co(CO)I2] (15 mol%), AgSbFs (30 mol%),
Cu(OAc); (0.45 mmol) in 1,2-DCE (2.0 mL) at 130 °C for 24 h. *12 h. °1 (0.3 mmol), 2 (2.1 mmol),
[Cp*Co(CO)l2] (20 mol%), AgSbFe (40 mol%), Cu(OAc). (0.6 mmol), 1,2-DCE (3.0 mL) at 130 °C for 36 h.



This regioselectivity supports the fact that the first annulation is guided by the S- rather than the
N-moiety of the thioamide functionality. Likewise, such annulations of m-phenoxy/m-OMe-p-
NO; substituted thioamides 1t and 1u provided 3t and 3u, this time as single regioisomers,
albeit in moderate yields. Mixtures of regioisomers also aroused from halide-bearing thioamides
1v (57%, 5:1), 1w (69%, 5:1), and 1x (52%, 13:1). In general, the extended m-conjugation
largely contributes to the tuning of photophysical properties of the molecular skeleton.!” Thus,
anthracene- and carbazole-anchored thiopyrano-isoquinolines 3y (70%) and 3z (84%) were
successfully prepared (Scheme 1c). Meanwhile, tetra-annulation (two consecutive double
annulations) of pre-functionalized 4,4'-aryldithioamides with 2a led to structurally diverse linear
(4a, 52%) and ‘V-shaped’ (4b, 61%) polyaromatics (Scheme 1d). The construction of eight
bonds (2 C—=S, 2 C—N, and 4 C—C) via activation of four o-C—H bonds of arenes and
annulation with four alkynes in a single operation is notable (Scheme 1d). To further illustrate
the reaction generality and synthetic diversity, a wide range of structurally and electronically
distinct 1,2-diaryl alkynes (2b—i), 1,2-di(hetero)aryl alkyne (2j), 1,3-diphenylpro-2-yn-1-one
(2k), methyl phenylacetylene (21), phenylacetylene (2m), and N-bearing m-conjugated alkyne
(2n) were surveyed (Scheme 2). The reaction between 1a and 1,2—diaryl alkynes 2 [p-Me (2b),
p-'Bu (2¢), p-F (2d), and m-Me (2g)] led to 5a (93%), 5b (82%), 5¢ (55%), and 5d (79%),
respectively (Scheme 2a). Likewise, annulation of 2-thienyl bearing alkyne 2j with 1a provided
Se, albeit in moderate yield (35%). Possibly the coordination of the thiophene sulfur to TM traps
the catalyst in this case and affects the reaction productivity. The desired thiopyrano-
isoquinolines 5f—i were synthesized from 1o (p-CO2Me bearing aryl thioamide) when reacted
independently with 2 [2b—5f (60%); 2d—5g (73%); 2e—5h (73%); 2f—5i (66%); 2i—5j (84%);
2h—5k (75%); Scheme 2a]. X-ray crystallographic analysis ascertained the structure of Sh.!®

Thus, alkynes with electron-bias have no detrimental effect on the double annulation sequence.



Scheme 2. Double annulation of 1 with 1,2-diarylacetylenes “
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®Reactions were carried out with 1 (0.3 mmol), 2 (0.9 mmol), [Cp*Co(CO)I2] (15 mol%), AgSbFs (30 mol%),
Cu(OAc), (0.45 mmol), 1,2-DCE (2.0 mL) at 130 °C for 24 h.




Next, unsymmetrical alkynes were tested. Reaction of 1a with 2k and 1o with 21 respectively
delivered 51 (4:1) and Sm (5:1) as major products along with other minor regioisomers (Scheme
2b). The structure 51 was confirmed by X-ray analysis.!® Thus, the oxidative annulations follow
conventional mechanistic path that involves metal-dnt interaction of organocobalt(IIl) species
with phenyl ring; this might be a possible reason for this high regioselectivity.’®%!® However,
phenyl acetylene (2m) provides complex mixture due to dimerization under oxidative conditions
(Scheme 2b). To access a m-extended molecular scaffold, the double annulation of 10 with 2n
(p-diphenyl amine bearing sterically giant 1,2-diaryl alkyne) produced 5o in 77% yield (Scheme
2c¢). Likewise, anthracene- and carbazole-bearing thiopyrano-isoquinolines 5p (65%) and 5q
(82%) were fabricated from the annulation of MPS-thioamides 1z/1z’ with 2n, respectively.

Not only 1,2-diarylalkynes, but also 1,2-dialkylalkynes (20-r) are relevant partners in this
cascade double annulation (Scheme 3). In this context, 2-butyne (20), 3-hexyne (2p), 4-octyne
(2q), and 5-decyne (2r) were independently reacted with 1a to furnish a range of peripheral
decorated thiopyrano-isoquinolines 6a—d (52-73%). Analogously, 6e was synthesized in 85%
yield. The annulation of thioamides bearing either electron-donating (OPh, OCF3), arene (Ph),
halo (Br), and electron-withdrawing (NO2, CO>Me) substituents in the para position of the
phenyl ring with 2p/2q was also accomplished, providing 6f—k in good yields (Scheme 3).
Moreover, annulation of m-Cl bearing thioamide 11 with 2q led to 61 with high regioselectivity.
Thus, transformable groups (i.e. CO2Me, NO», Br, Cl) can be easily introduced and could lead to
further structural modifications. Lastly, the mn-conjugated carbazole-molded thiopyrano-
isoquinoline framework 6m (81%) was synthesized (Scheme 3). In this context, the late-stage
annulation of (hetero)arenes C—H bonds of biologically relevant motifs (BRM) is invaluable for

the sustainable development of complex molecules with enhanced pharmacokinetic properties.



Scheme 3. Double annulation of 1 with 1,2-dialkyl alkynes 2¢
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4Reactions were carried out with 1 (0.3 mmol), 2 (0.9 mmol), [Cp*Co(CO)I;] (15 mol%), AgSbFs (30 mol%),
Cu(OAc) (0.45 mmol), 1,2-DCE (2.0 mL) at 130 °C for 24 h. 20 (30 mmol).

However, BRM exhibiting polar groups and unsaturated moieties invariably causes problems for
site-selective C—H activation, as the TM binding competition between Lewis basic heteroatoms
and the DG can lead to substrate decomposition and affect the C—H bond functionalization
efficiency. We were therefore intrigued by the viability of the Co-catalyzed double C—H
annulation of pharmacophore-coupled thioamides 7 (Scheme 4). However, the title reaction
proved once again its reliability: thiopyrano—isoquinoline encapsulated terpenoids [ f-citronellol
(8a and 8b), geraniol (8¢)], natural products [menthol (8d), borneol (8e)], fatty alcohols [oleyl
alcohol (8f), vitamin-E-tocopherol (8g)], coumarin [umbelliferone (8h)], and steroids
[cholesterol (8i), estrone (8j), lithocholic acid (8k)] were made in 30—-80% yields from the
cascade annulations of respective pharmacophore-coupled MPS-thioamides with alkynes
2a/2p/2q (Scheme 4a)."” The olefin moieties of terpenoids, the molecular complexity of
steroids, the ether linkage and other sensitive functional groups including carbonyl, lactone, and
ester were tolerated. The structural and stereochemical integrity of the molecular skeletons were
also preserved. To probe the efficacy of the method, the synthetic campaign was then directed

towards marketed drug molecules (Scheme 4b).2°



Scheme 4. Annulation of biological relevant motifs molded from MPS-enabled thioamides®
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4Reactions were carried out with 7 (0.3 mmol), 2 (0.9 mmol), [Cp*Co(CO)I;] (15 mol%), AgSbFs (30 mol%),
Cu(OAC)2 (0.45 mmol),1,2-DCE (2.0 mL) at 130 °C for 24 h.

The targeted uricosuric renal tubular blocking agent probenecid-fused-thiopyranoisoquinolines
8l-0 were prepared in good yields. No site selective functionalization of arene C—H bond

proximal to the sulfonamide group took place. Likewise, HDACG6 inihibitor N-



benzylphenothiazine 8p and protein tyrosine phosphate-1B inihibitor N-benzylcarbazole 8q
fused thiopyranoisoquinolines were constructed in 72% and 85% yield, respectively (Scheme
4b). The N- and S- containing (hetero)arenes, for example, phenothiazine and carbazole, were
unaffected by the electrophilic metal catalyst and harsh reaction conditions. The reaction was
even successful at the gram scale: 3a (1.61 g, 84%) was prepared from the reaction of 1a (1.0 g,
3.45 mmol) with 2a (1.85 g, 10.36 mmol) in presence of the Co(IIl) catalyst (Scheme 5a).
Oxidation of the N- or S-heteroatom of thiopyrano-isoquinolines 3k/31 provided access to N-
methylated 9 in 83% yield and the respective sulfone 10 in 85% yield (Scheme 5b). '3

To gain some mechanistic insight into this Co-catalyzed double annulation of thioamides with
alkynes, a set of control experiments and deuterium labeling studies were planned. We believe
that two sequential mono-annulations independently involving ‘N’ and ‘S’ heteroatoms of
thioamides are responsible for the formation of the thiopyrano-isoquinolines. To validate this
speculation, we intended to examine the coordination preference of thioamides ‘N’ and ‘S’ to
TM. Thus, a reaction between isoquinoline-1(2H)-thione (11) and 2a was carried out under the
optimized conditions at 130 °C for 13 h (Scheme 5c, eq 1). Interestingly, not even a trace of
desired product 12 was formed, which rules out the participation of intermediate 11 in this
transformation. The reaction of 1a with 2p under the standard catalytic conditions and in the
presence of a controlled amount of H>O (5.0 equiv) provided isothiochromenone 13 and methyl-
phenyl sulfoxide (Scheme 5c, eq 2). This information clearly suggests that the first annulation
involves thioamides ‘S’ moiety over ‘N’ to form imine intermediates such as 13' (Scheme 5c, eq
2). Eventually, hydrolysis of 13" furnishes 13. Under dry conditions, a second annulation of 13'
with the alkyne could produce the thiopyrano-isoquinoline scaffold. We next ran various D/H
exchange experiments of 1a (Scheme 5d, eqs 3—4). Exposing 1a to the standard conditions in
presence of CD3CO2D (2.5 equiv) at 130 °C resulted in D-incorporation at C2 (27%) and C6

(27%) positions of 1'a—D/H (80%) (eq 3).



Scheme 5. Gram scale, applications, and controlled experiments
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Similarly, 15% of deuterium incorporation happened at proximal C(arene)-H of

1a

Co(lll)-Cat
H S (10 mol %)
AgSbFg (40 mol %)
MPS  Cu(OAc), (1.5 equiv) eq 6)
Me H 2p (3.0 equiv), 24 h E

1,2-DCE, 130 °C TEMPO; 6b, 30%
TEMPO/BHT BHT; 6b, 63%
(2.0 equiv)

1a

isothiochromenone 13-D/H (18%) when the reaction of 1a with 2q was performed in the
presence of D>O (eq 4). Therefore, activation of both the o- and o'-C(arene)-H bonds of MPS-
bearing-1-thioamide with Cp*Co(IIl) seems reversible. Next, a competitive double annulation of
an equimolar mixture of 1a and 1n with 2p was probed, leading to 6b and 6k in a 3 : 1 ratio
after 4 h; thus, an electron—rich arene reacts faster than an electron-poor one (Scheme 5e, eq 5).
Moreover, the reaction was still possible in presence of radical scavengers (TEMPO and BHT);

the possible involvement of a radical pathway is therefore discarded (Scheme 5f, eq 6).



DFT computations were carried out to validate the proposed mechanism. The Gaussian 09
software package was used?' with its implemented M06 functional,?? the 6-31G(d,p) basis set*?
for all main group elements, and the LANL2DZ (ECP) basis set for Co.?* Single point
calculations were conducted at the M06/6-311++G(d,p) -SDD(ECP)?° level of theory. Solvation
energies were obtained at the single point level using the SMD approach for 1,2-
dichloroethane.?® The discussed values are solvent—corrected Gibbs free energies at 393.15 K in
kcal/mol (AGs93). The molecular system composed of substrate A, 2-butyne (2.0 equiv),
[Cp*Co(OAc)]", and an additional AcO~ (that ensures a second deprotonation of A from the Co
complex) has been used as a reference for the free energies (Fig. 3). In general, the Cp
cobalt(IIl) complexes can adopt singlet (S), triplet (T), and quintet (Q) spin states. In agreement
with our previous studies,?’ 16-electron complexes are more stable in the triplet state. For
instance, complex D displays AEs.t = —3.8 kcal/mol and AEs.q = 20.0 kcal/mol. On the other
hand, 18-electron complexes are usually more stable in the singlet state; complex E for instance
exhibits AEs.t = 7.8 kcal/mol and AEs.q = 25.9 kcal/mol. Since all major steps involve 18-
electron complexes (16-electron species are only involved in dissociative ligand exchanges such
as from C to E), we did not compute the minimum energy crossing points (MECP) of the singlet
and triplet energy surfaces.

To start with, the coordination of A with [Cp*Co(OAc)]" provides complex B at the expense of
5.9 kcal/mol (—12.1 kcal/mol without solvent effect). The hydrogen bond with the acetate ligand
and a m'-coordination between Co and the ipso-carbon makes the concerted-metalation-
deprotonation (CMD) process viable. The C—H metalation then occurs through TSgc, lying 12.8

kcal/mol above the reference system. The resulting metallacycle C is only 0.2 kcal/mol more

stable than A.
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Figure 3. Free energy profile (AGsgs, kcal/mol): Part 1 (first annulation)

Importantly, coordination of the ‘N’ atom of the MPS instead of thioamide 'S’ led to a complex located
at 16.3 kcal/mol and the corresponding C-H metalation transition state was found at 26.6 kcal/mol
instead of 12.8 kcal/mol for the S-guided C-H metalation (not shown). It corroborates the above
hypothesis of a preferred ‘S’ over 'N’ coordination and rationalizes the selectivity observed. Going
back to B, a stepwise ligand exchange between acetic acid and 2-butyne in C leads to the alkyne
complex E (located at —0.2 kcal/mol on the free energy surface). The migratory alkyne insertion of E
produces the seven-membered complex F (-5.8 kcal/mol), where the metal receives electron density
from the aryl moiety. This step passes through TSer, lying at 12.0 kcal/mol, and is exergonic by 5.6
kcal/mol. Next, the 6m-electrocyclization of F gives the w-allyl intermediate G at —7.8 kcal/mol. The
corresponding transition state, TSrc, was found as low as 2.7 kcal/mol on the surface. The AcO-
mediated removal of PhSOMe of G affords H (—51.7 kcal/mol) via G’ (Fig. 3), which is useful for the
second CMD process. Alternatively, protonation of G with AcOH provides the otherwise stable

compound I at —42.9 kcal/mol.?®
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Figure 4. Free energy profile (AGsgs, kcal/mol); Part 2 (second annulation)

The second annulation pathway is shown in Figure 4. It starts in a similar fashion, the computed
profile between H and the alkyne complex L being rather flat. Next, the alkyne insertion in L
requires 12.5 kcal/mol of free energy of activation and is exergonic by 7.5 kcal/mol to provide
M. The reductive elimination of M passes through TSmn requiring 7.7 kcal/mol to produce N
(found at —95.8 kcal/mol). This irreversible step leads to the experimentally observed tricyclic
product with a release of 36.8 kcal/mol. The ligand exchange of N with A further lowers the free
energy by 3.0 kcal/mol to produce the final product O (at —98.8 kcal/mol) along with P. The
Cu(OAc), mediated oxidation of complex P provides B for new cycle.?’ In view of control
experiments and DFT studies, a plausible mechanistic pathway for Cp*Co(Ill) catalyzed
oxidative cascade double annulation of aryl thioamides with alkynes has been outlined in Figure
5.1 At the outset, iodide abstraction and ligand exchange among Cp*Co(CO)Il>, AgSbFs, and

Cu(OAc): at first provide the active cationic [Cp*Co(OAc)]" catalyst.
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Figure 5. Plausible catalytic cycle

Thereafter, coordination of ‘S’ in thioamide with the active species, followed by activation of
proximal o-C(arene)-H bond, forms the five membered cyclocobalated species I; this C—H
dissociation follows a CMD process (see eq 3 in Scheme 5). Next, the migratory insertion of
alkyne to I affords a cyclic seven-membered Co-intermediate II. The 6m-electrocyclization of 11
then provides the m-allyl intermediate III. Acetate mediated formal elimination of
[Cp*Co(OAc)]" and concurrent expulsion of sulfoxide provides the imine intermediate IV.
Importantly, intermediate IV is prone to hydrolysis in presence of H>O to form
isothiochromenone. Afterwards, the imine assisted activation of o'-C(arene)-H bond of IV
forms a five—membered cyclocobalated intermediate V. Subsequently, alkyne insertion to V
provides the seven-membered metallacycle VI. Reductive elimination of the latter delivers the
expected thiopyrano-isoquinoline product 3a as ligand of the Co(I) complex VII. Finally,
Cu(OAc)> regenerates the active Co(IIl) catalyst for next cycle. The intramolecular
6m—electrocyclization (that involves 4m-electrons of arylthioamide and 27-electron of inserted

alkyne) of seven-membered Co-species makes this Co-catalyzed annulation of thioamides



viable, a distinct feature for the TM-catalyzed annulation processes. In addition, the in-situ
cleavage of transformable masked-imine MPS-DG under a redox-neutral pathway could be able
to regenerate the active catalyst after 1% annulation (III— IV) as well as to provide active imine

intermediate IV for ‘N’ assisted 2" annulation process (Fig. 5).
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Figure 6. Normalized absorption (A) and fluorescence (B) spectra in DCM at RT (10-° M); Observer fluorescence under UV excitation
(365 nm) (C); Life time measurements (D).

Most of the synthesized thiopyrano-isoquinoline derivatives are brightly fluorescent. To probe
the photophysical properties of the molecules, steady-state absorption (Fig. 6A) and emission
(Fig. 6B) experiments were carried out. Most of the compounds exhibit strong absorption bands
at 344-360 nm and 412—-486 nm (Fig. 6A) while the emission maximum lies around 503—-630
nm (Fig. 6B) with large Stokes shifts of 81-144 nm. Solvatochromic study did not show any
intense colour change or fluorescence intensity variation. This phenomenon clearly reveals that

the fluorescence is originating from the core structure of the compounds. Interestingly,



excitation of -NO; or -CO>Me group bearing n-extended compounds 3n—o provokes
signification bathochromic shifts in emission. Likewise, the ester linked biologically relevant
motifs 8¢ and 8n are also showing intense emission bands and could be useful as fluorescent
drug carrier as well as fluorescent probe for cell imaging.!” The enhanced fluorescence
properties of n-extended scaffolds 50 and 5q with longer life time?° (3.42 ns for 50; Scheme 3D)

are notable and could be applicable for potential material applications.

Conclusion

A sulfoximine-directed Cp*Co(lll)-catalyzed unsymmetrical double annulation of aryl
thioamides with unactivated alkynes to obtain unusual 6,6-fused thiopyrano-isoquinolines has
been uncovered. The major highlights of this transformation are: 1) the use of an earth-abundant
3d-transition-metal Co-catalyst for the double annulation of arenes o,0-C—H bonds of
thioamides through sequential coupling with alkynes; 2) reactivity preference of ‘S’ over ‘N’ in
the annulation process of thioamides; 3) formation of four bonds [C—C, C-S and C-C, C—N] in
a single operation; 4) it overcomes the previously encountered challenges, i.e. the ‘S’ poisoning
effect on the transition-metal catalyst and the susceptibility of ‘S’ to oxidation. The
transformation provides access to a wide range of novel thiopyrano-isoquinoline scaffolds,
featuring broad scope with labile functional group tolerance and late-stage annulation of
biologically-relevant molecules and drug candidates. DFT studies and deuterium scrambling
experiments establish the importance of N-masked sulfoximine-directing group in this
annulation and offer valuable inputs for understanding the mechanism. Importantly, a unique 67-
electrocyclization of a 7-membered S-chelated cobaltacycle makes the annulation process
viable, which plays crucial for this double-annulation of thioamides. Preliminary photophysical
studies of thiopyrano-isoquinoline are encouraging and attract further investigations. We believe
that the present discovery could help to uncover synthetic handles for multiple annulations of

unactivated C(sp?/sp*)—H bonds with unsaturated species that have so far remained unexplored.



ASSOCIATED CONTENT

AUTHOR INFORMATION
Corresponding Author
*E-mail: akhilchemistryl2@gmail.com; akssc@uohyd.ac.in

E-mail: vincent.gandon@universite-paris-saclay.fr

SUPPORTING INFORMATION
The Supporting Information is available free of charge on the ACS Publications website at

http://pubs.acs.org

1. Detailed experimental procedures, characterization ('H, '3*C AND ”F NMR, FTIR and
HRMS) data, photophysical properties, X-ray crystallographic data (CIF), coordinates
(X,y,z), energies (Hartree) and imaginary frequencies (cm™') of the computed species for
DFT calculations, 'H, *C and '°F NMR spectra of the compounds (PDF)

2. HRMS copies (PDF)

3. X-ray crystallographic data for product 3s (Scheme 1) (CIF)

4. X-ray crystallographic data for product 5h (Scheme 2) (CIF)

5. X-ray crystallographic data for product 51 (Scheme 2) (CIF)

ORCID

Akhila K. Sahoo: 0000-0001-5570-4759
Vincent Gandon: 0000-0003-1108-9410
Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT
This research was supported by the SERB-India (grant no.: EMR/2014/385). We thank

University of Hyderabad (UoH; UPE-CAS and PURSE-FIST) for overall facility. M.S, S.S,


mailto:*E-mail:%20akhilchemistry12@gmail.com
mailto:akssc@uohyd.ac.in
mailto:vincent.gandon@universite-paris-saclay.fr
http://pubs.acs.org/

A.G, and A.S thank CSIR, UGC and Dr. D. S. Kothari postdoctoral fellowship (DSKPDF),
India, respectively, for fellowship. VG thank CNRS, UPSaclay and Ecole polytechnique for
financial support. This work was granted access to the HPC resources of CINES under the
allocation 2020-A0070810977 made by GENCI. We thank Piyas Saha for his help. Help of Anil
for solving X-ray crystal data and Sumanta Paul for life time measurement are also

acknowledged.

REFERENCES:

(1) For selected TM-catalyzed oxidative annulation reviews, see: a) Satoh, T.; Miura, M.
Oxidative coupling of aromatic substrates with alkynes and alkenes under rhodium catalysis.
Chem. Eur. J. 2010, 16, 11212. b) Wencel-Delord, J.; Droge T.; Liu, F.; Glorius, F. Towards mild
metal-catalyzed C—H bond activation. Chem. Soc. Rev. 2011, 40, 4740. c) Ackermann, L.
Carboxylate-assisted ruthenium-catalyzed alkyne annulations by C-H/Het-H bond
functionalizations. Acc. Chem. Res. 2014, 47, 281. d) Gulias, M.; Mascarenas, J. L. Metal-
Catalyzed Annulations through Activation and Cleavage of C— H Bonds. Angew. Chem. Int. Ed.
2016, 55, 11000.

(2) a) Jin, T.; Zhao, J.; Asao, N.; Yamamoto, Y. Metal-Catalyzed Annulation Reactions for m-
Conjugated Polycycles. Chem. Eur J. 2014, 20, 3554. b) Stepek, 1. A.; Itami, K. Recent
Advances in C—H Activation for the Synthesis of m-Extended Materials. ACS Materials
Lett. 2020, 2, 951.

(3) For selected example of mono-annulation reactions, see: a) Hyster, T. K.; Rovis,
T. Rhodium-catalyzed oxidative cycloaddition of benzamides and alkynes via C— H/N— H
activation. J. Am. Chem. Soc. 2010, 132, 10565. b) Guimond, N. S.; Gorelsky, I.; Fagnou, K.
Rhodium (III)-catalyzed heterocycle synthesis using an internal oxidant: improved reactivity
and mechanistic studies. J. Am. Chem. Soc. 2011, 133, 6449. ¢) Ackermann, L.; Lygin, A. V.;

Hofmann, N. Ruthenium-Catalyzed Oxidative Annulation by Cleavage of C—H/N—-H Bonds.



Angew. Chem. Int. Ed. 2011, 50, 6379. d) Dong, W.; Wang, L.; Parthasarathy, K.; Pan, F.; Bolm,
C. Rhodium-Catalyzed Oxidative Annulation of Sulfoximines and Alkynes as an Approach to 1,
2-Benzothiazines. Angew. Chem. Int. Ed. 2013, 52, 11573. e¢) Ghosh, K.; Rit, R.; Ramesh, K.E.;
Sahoo, A. K. Ruthenium-Catalyzed Hydroarylation and One-Pot Twofold Unsymmetrical C— H
Functionalization of Arenes. Angew. Chem. Int. Ed. 2016, 55, 7821. f) Bohmann, R. A.; Schobel,
J. H.; Unoh, Y.; Miura, M.; Bolm, C. Regioselective Syntheses of 1, 2-Benzothiazine 1-Imines
by Rhodium-Catalyzed Annulation Reactions of Sulfondiimines. Adv. Synth. Catal. 2019, 361,
2000. g) Mihara, G.; Noguchi, T.; Nishii, Y.; Hayashi, Y.; Kawauchi, S.; Miura, M. Rhodium-
Catalyzed Annulative Coupling of Isothiazoles with Alkynes through N—S Bond Cleavage. Org.
Lett. 2020, 22, 661.

(4) For selected TM-catalyzed oxidative double annulation, see: a) Mochida, S.; Umeda,;
Hirano,N. K.; Satoh,T.; Miura, M. Rhodium-catalyzed Oxidative Coupling/Cyclization of
Benzamides with Alkynes via C—H Bond Cleavage. Chem. Lett. 2010, 39, 744. b) Tan, X.; Liu,
B.; Li, X.; Li, B.; Xu, S.; Song, H.; Wang. B. Rhodium-Catalyzed Cascade Oxidative
Annulation Leading to Substituted Naphtho [1, 8-bc] pyrans by Sequential Cleavage of C(sp2)—
H/C(sp3)—-H and C(sp2)-H/O—H Bonds. J. Am. Chem. Soc. 2012, 134, 16163. c¢) Jayakumar, J.;
Parthasarathy, K.; Chen,Y.-H.; Lee, T. H.; Chuang, S. C.; Cheng, C. H. One-Pot Synthesis of
Highly Substituted Polyheteroaromatic Compounds by Rhodium (IIT) -Catalyzed Multiple C—H
Activation and Annulation. Angew. Chem. Int. Ed. 2014, 53, 9889. d) Yin, J.; Zhou, F.; Zhu, L.;
Yang, M.; Lan, Y.; You, J. Annulation cascade of arylnitriles with alkynes to stable delocalized
PAH carbocations via intramolecular rhodium migration. Chem. Sci, 2018, 9, 5488. f)
Guntreddi, T.; Shankar, M.; Kommu, N.; Sahoo, A. K. Construction of Pyranoisoquinolines via
Ru(Il)-Catalyzed Unsymmetrical Double Annulation of N-Methoxybenzamides with
Unactivated Alkynes. J. Org. Chem. 2019, 84, 13033. g) Kong, W.J.; Shen, Z.; Finger, L. H.;

Ackermann, L. Electrochemical Access to Aza-Polycyclic Aromatic Hydrocarbons: Rhoda-



Electrocatalyzed Domino Alkyne Annulations. Angew. Chem. Int. Ed. 2020, 59, 5551. h)
Tomita, E.; Yamada, K.; Shibata, Y.; Tanaka, K.; Kojima, M.; Yoshino, T.; Matsunaga, S.
Iridium (III) Catalysts with an Amide-Pendant Cyclopentadienyl Ligand: Double Aromatic
Homologation Reactions of Benzamides by Fourfold C— H Activation. Angew. Chem. Int. Ed.
2020, 59, 10474.

(5) a) Yoshino, T.; Ikemoto, H.; Matsunaga, S.; Kanai, M. A Cationic High-Valent Cp*Colll
Complex for the Catalytic Generation of Nucleophilic Organometallic Species: Directed C—H
Bond Activation. Angew. Chem. Int. Ed. 2013, 52,2207. b) Yoshino, T.; Matsunaga, S.
(Pentamethylcyclopentadienyl) cobalt (III)-Catalyzed C—H Bond Functionalization: From
Discovery to Unique Reactivity and Selectivity. Adv. Synth. Catal. 2017, 359, 1245.

(6) For selected 3d-TM catalyzed reviews, see: a) Gao, K.; Lee, P.S.; Fujita, T.; Yoshikai, N.
Cobalt-Catalyzed Hydroarylation of Alkynes through Chelation-Assisted C— H Bond
Activation. J. Am. Chem. Soc. 2010, 132, 12249. b) Yoshikai, N. Development of Cobalt-
Catalyzed C—H Bond Functionalization Reactions. Bull. Chem. Soc. Jpn. 2014, 87, 843. c) Gao,
K.; Yoshikai, N. Low-valent cobalt catalysis: new opportunities for C—H functionalization. Acc.
Chem. Res. 2014, 47,1208. d) Moselage, M.; Li, J.; Ackermann, L. Cobalt-catalyzed C-H
activation. ACS Catal. 2016, 6, 498. e) Prakash, S.; Kuppusamy, R. C.; Cheng, H. Cobalt-
Catalyzed Annulation Reactions via C— H Bond Activation. ChemCatChem. 2018, 10, 683.

(7) For selected Co-catalyzed annulation reaction, see: a) Wang, H.; Koeller, J.; Liu, W,;
Ackermann, L. Cobalt (III)-Catalyzed CH/NO Functionalizations: Isohypsic Access to
Isoquinolines. Chem. Eur. J. 2015, 21, 15525. b) Sen, M.; Kalsi, D.; Sundararaju, B. Cobalt
(IIT)-Catalyzed Dehydrative [4+ 2] Annulation of Oxime with Alkyne by C—H and N-OH
Activation. Chem. Eur. J. 2015, 21, 15529. c¢) Lu, Q.; Vasquez-Céspedes, S.; Gensch, T.;
Glorius, F. Control over Organometallic Intermediate Enables Cp*Co(IlI) Catalyzed Switchable

Cyclization to Quinolines and Indoles. ACS Catal. 2016, 6, 2352. d) Sivakumar, G.; Vijeta, A.;



Jeganmohan, M. Cobalt-Catalyzed Cyclization of N-Methoxy Benzamides with Alkynes using
an Internal Oxidant through C—H/N—O Bond Activation. Chem. Eur. J. 2016, 22, 5899.

(8) a) Murai, M.; Takai, K. Unsymmetrical Difunctionalization of Two Different C—H Bonds in
One Pot Under Transition-Metal Catalysis. Synthesis 2019, 51, 40. b) Ghosh, K.; Rit, R.
K.; Shankar, M.; Mukherjee, K.; Sahoo, A. K. Directing Group Assisted Unsymmetrical
Multiple Functionalization of Arene C— H Bonds. Chem. Rec. 2020, 20, 1017.

(9) a) Shankar, M.; Ghosh, K.; Mukherjee, K.; Rit, R. K.; Sahoo, A. K. Ru-Catalyzed One-Pot
Diannulation of Heteroaryls: Direct Access to m-Conjugated Polycyclic Amides. Org. Lett. 2016,
18, 6416. b) Mukherjee, K., Shankar, M.; Ghosh, K.; Sahoo, A. K. An Orchestrated
Unsymmetrical Annulation Episode of C(sp2)—H Bonds with Alkynes and Quinones: Access to
Spiro-isoquinolones. Org. Lett. 2018, 20, 1914. c) Shankar, M.; Ghosh, K.; Mukherjee, K.; Rit,
R. K.; Sahoo, A. K. One-Pot Unsymmetrical {[4 + 2] and [4 + 2]} Double Annulations of o/o'-
C—H Bonds of Arenes: Access to Unusual Pyranoisoquinolines. Org. Lett. 2018, 20, 5144. d)
Ghosh, K.; Shankar, M.; Rit, R. K.; Dubey, G.; Bharatam, P. V.; Sahoo, A. K. Sulfoximine-
Assisted One-Pot Unsymmetrical Multiple Annulation of Arenes: A Combined Experimental
and Computational Study. J. Org. Chem. 2018, 83, 9667. e¢) Shankar, M.; Rit, R. K.; Sau, S
Mukherjee, K.; Gandon, V.; Sahoo, A. K. Double Annulation of ortho-and peri-C— H Bonds of
Fused (Hetero) Arenes to Unusual Oxepino-Pyridines. Chem. Sci. 2020, 11, 10770.

(10) a) Wang, L.; He, W.; Yu, Z. Transition-metal mediated carbon—sulfur bond activation and
transformations. Chem. Soc. Rev. 2013, 42, 599.

(11) a) Tang, K. X.; Wang, C. M.; Gao, T. H.; Chen, L.; Fan, L.; Sun, L. P. Transition Metal-
Catalyzed C— H Bond Functionalizations by Use of Sulfur-Containing Directing Groups. Adv.
Synth. Catal. 2018, 361, 26. b) Fukagawa, S.; Kato, Y.; Tanaka, R.; Kojima, M.; Yoshino, T.;
Matsunaga, S. Enantioselective C (sp3)-H Amidation of Thioamides Catalyzed by a

Cobalt'"/Chiral Carboxylic Acid Hybrid System. Angew. Chem. Int. Ed. 2019, 58, 1153; c) Yan,



L.; Lan, J.; Cheng, H.; Li, Y.; Zhang, M.; You J. Regioselective addition/annulation of
ferrocenyl thioamides with 1,3-diynes via a sulfur-transfer rearrangement to construct extended
n-conjugated ferrocenes with luminescent properties. Chem. Sci. 2020, 71, 11030.

(12) Yokoyama, Y.; Unoh, Y.; Bohmann, R. A.; Satoh, T.; Hirano K.; Bolm, C.; Miura, M.
Rhodium-catalyzed direct coupling of benzothioamides with alkenes and alkynes through
directed C—H bond cleavage. Chem. Lett. 2015, 44, 1104.

(13) See the Supporting Information.

(14) a) Liu, Y. J.; Xu, H.; Kong, W. J.; Shang, M.; Dai, H. X.; Yu, J. Q. Overcoming the
limitations of directed C—H functionalizations of heterocycles. Nature 2014, 515, 389. b) Wang,
H.; Lorion, M. M.; Ackermann, L. Overcoming the Limitations of C—H Activation with
Strongly Coordinating N-Heterocycles by Cobalt Catalysis. Angew. Chem. Int. Ed. 2016, 55,
10386.

(15) a) Sun, B.; Yoshino, T.; Kanai, M.; Matsunaga, S. Cp*Co'!! Catalyzed Site-Selective C—H
Activation of Unsymmetrical O-Acyl Oximes: Synthesis of Multisubstituted Isoquinolines from
Terminal and Internal Alkynes. Angew. Chem. Int. Ed. 2015, 54, 12968.

(16) CCDC 2045976 (3s), CCDC 2045977 (5h), and CCDC 2045975 (51) contain the
supplementary crystallographic data for this paper.

(17) Li, B.; Ali, A. Ge, H. Recent Advances in Using Transition-Metal-Catalyzed C—H
Functionalization to Build Fluorescent Materials. Chem, 2020, 6, 2591.

(18) Sakata, K.; Eda, M.; Kitaoka, Y.; Yoshino, T.; Matsunaga, S. Cp*Co'!-Catalyzed C-H
Alkenylation/Annulation Reactions of Indoles with Alkynes: A DFT Study. J. Org. Chem. 2017,
82, 7379.

(19) a) Dai, H.-X.; Stepan, A. F.; Plummer, M. S.; Zhang, Y.-H.; Yu, J.-Q. Divergent C—H
functionalizations directed by sulfonamide pharmacophores: late-stage diversification as a tool

for drug discovery. J. Am. Chem. Soc. 2011, 133, 7222; b) Friis, S. D.; Johansson, M. J.;



Ackermann, L. Cobalt-catalysed C—H methylation for late-stage drug diversification. Nat.
Chem. 2020, 12, 511.

(20) a) Carradori, S.; Mollica, A.; Ceruso, M.; D’Ascenzio, M.; De Monte, C.; Chimenti,
P.; Sabia, R.; Akdemir, A.; Supuran, C. T. New amide derivatives of Probenecid as selective
inhibitors of carbonic anhydrase IX and XII: biological evaluation and molecular modelling
studies. Bioorg. Med. Chem. 2015, 23,2975. b) Vogerl, K.; Ong, N.; Senger, J.; Herp,
D.; Schmidtkunz, K.; Marek, M.; Miiller, M.; Bartel, K.; Shaik, T. B.; Porter, N. J.; Robaa,
D.; Christianson, D. W.; Romier, C.; Sippl, W.; Jung, M.; Bracher, F. Synthesis and biological
investigation of phenothiazine-based benzhydroxamic acids as selective histone deacetylase 6
inhibitors. J. Med. Chem. 2019, 62, 1138.

(21) Frisch, M. J. Gaussian 09, revision D.01; Gaussian, Inc.: Wallingford, CT, 2013.

(22) Zhao, Y.; Truhlar, D. G. A new local density functional for main-group thermochemistry,
transition metal bonding, thermochemical kinetics, and noncovalent interactions. J. Chem. Phys.
2006, 125, 194101.

(23) a) MacLean, A. D.; Chandler, G. S. Self-consistent molecular orbital methods. XX. A basis
set for correlated wave functions. J. Chem. Phys. 1980, 72, 5639; b) Krishnan, R.; Binkley, J. S.;
Seeger, R.; Pople, J. A. Self-consistent molecular orbital methods. XX. A basis set for correlated
wave functions. J. Chem. Phys. 1980, 72, 650.

(24) a) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical Chemistry; Schaefter, H. F., 111, Ed.;
Plenum: New York, 1997; vol. 3. b) Hay, P. J.; Wadt, W. R. J. Ab initio effective core potentials
for molecular calculations. Potentials for the transition metal atoms Sc to Hg. Chem. Phys. 1985,
82, 270. c) Wadt, W. R.; Hay, P. J. Ab initio effective core potentials for molecular calculations.

Potentials for main group elements Na to Bi. J. Chem. Phys. 1985, 82, 284.



(25) Andrae, D.; HauBermann, U.; Dolg, M.; Stoll, H.; PreuB3, H. Energy-adjustedab initio
pseudopotentials for the second and third row transition elements. Theor. Chim. Acta, 1990, 77,
123.

(26) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal Solvation Model Based on Solute
Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B. 2009, 113, 6378.

(27) a) Gandon, V.; Agenet, N.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C. Cobalt-mediated
cyclic and linear 2: 1 cooligomerization of alkynes with alkenes: a DFT study. J. Am. Chem.
Soc. 2006, 128, 8509; b) Agenet, N.; Gandon, V.; Vollhardt, K. P. C.; Malacria, M.; Aubert, C.
Cobalt-catalyzed cyclotrimerization of alkynes: the answer to the puzzle of parallel reaction
pathways. J. Am. Chem. Soc. 2007, 129, 8860.

(28) There is no spontaneous elimination of PhSOMe when the Cp*Co?" moiety is removed, nor
when G or its free ligand are protonated.

(29) See inter alia a) Thirunavukkarasu, V. S.; Donati, M.; Ackermann, L. Hydroxyl-directed
ruthenium-catalyzed C—H bond functionalization: versatile access to fluorescent pyrans. Org.
Lett. 2012, 14, 3416. b) Li, B.; Feng, H.; Wang, N.; Ma, J.; Song, H.; Xu, S.; Wang, B.
Ruthenium-Catalyzed Oxidative Coupling/Cyclization of Isoquinolones with Alkynes through
C-H/N-H Activation: Mechanism Study and Synthesis of Dibenzo[a,g]quinolizin-8-one
Derivatives. Chem. Eur. J. 2012, 18, 12873.

(30) Lifetime measurement was done by following the literature: Paul, S.; Samanta, A. N-
Bromosuccinimide as Bromide Precursor for Direct Synthesis of Stable and Highly

Luminescent Green-Emitting Perovskite Nanocrystals. ACS Energy Lett. 2020, 5, 64.






