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ABSTRACT: N-Heterocyclic carbene-catalyzed tandem Stetter-
aldol reaction of phthalaldehyde and a,f-unsaturated ketimines has
been developed to afford functionalized naphthalen-1(2H)-one
derivatives as the formal [4+2] annulation product. Interestingly,
the reaction of aldimines led to the formation of isoquinoline
derivatives instead of the expected indanone derivatives as a [4+1]

annulation product.

-Heterocyclic carbene (NHC)-catalyzed carbon—carbon

bond-forming reactions have become a very powerful
tool in organic synthesis." One such important reaction is the
Stetter reaction, in which NHC catalyzes the addition of
aldehyde to the electron deficient olefin. NHC typically
changes the mode of action of aldehydes in the form of an acyl
anion equivalent to generate an enolate intermediate through
coupling with olefins. This enolate intermediate could perform
as a nucleophile and is susceptible to reaction with electron
deficient olefins.” A significant advancement is observed
involving the enolate intermediate.” Seminal discoveries have
emerged from the work of Gravel,* Ye,® Glorius,® Rovis,” and
others.” However, the application of this domino strategy via
an enolate activation mode with @,f-unsaturated ketimines or
aldimines has been limited so far.** In 2008, Bode et al.
reported an umpolung/Michael/Mannich/lactamization dom-
ino sequence to synthesize corresponding cyclopentane-fused
Plactams [3 (Scheme 1)].° Chi and co-workers synthesized
spirocyclic oxindoles (4) employing a,f-unsaturated enals (2)
and @,f-unsaturated imines.” It is noteworthy that in most
cases monocarbonyl substrates unlike phthalaldehyde (Sa)
were chosen in our case to furnish naphthalen-1(2H)-one
derivatives (6) as [4+2] annulation products.

Ye and co-workers revealed NHC-catalyzed domino Stetter-
aldol reaction for synthesizing hydroxyindanone, i.e., [4+1]
annulation product (8), by using phthalaldehyde (Sa) and N-
tert-butoxycarbonyl(Boc) imine (72).> As a part of our
ongoing research program on NHC-catalyzed domino
reaction, = we were curious to know about the effect of
NHC on the N-tosyl-a,f-unsaturated ketimine while reacting
with phthalaldehydes (Sa). We anticipated that the enolate
transformation intermediate generated from initial Stetter
reaction may undergo intramolecular aldol reaction to afford
the [4+2] annulation product (6), keeping the imine residue
intact. We also extended this idea for the unprecedented
synthesis of isoquinoline derivatives (9) by using aldimines
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(7b). Unlike Ye et al,, we did not detect the formation of any
hydroxyindanone (10) in our strategy.

In general, derivatives of naphthalen-1(2H)-ones are
synthesized by an intra/intermolecular Friedel—Crafts cycliza-
tion'" whereas isoquinolines and their derivatives are generally
prepared by modified traditional methods such as Pictet—
Spengler cyclization,'” Bischler—Napieralski cyclization/reduc-
tion,” and Pomeranz—Fritsch—Bobbitt cyclization.14 How-
ever, in spite of significant advances,” these methods suffer
from limitations such as the use of expensive metal catalysts,
special ligands, and/or harsh reaction conditions. Hence, the
development of a suitable non-metal-catalyzed mild method
for accessing substituted isoquinolines is highly desirable.

To explore the scope of our concept, we first investigated the
viability of the Stetter-aldol reaction by using phthalaldehyde
(5a) and ketimine (1a) as a model Michael acceptor (Table
1).

This reaction was first attempted in the presence of the
NHC precursor using different bases and solvents at ambient
temperature. The use of NHC precursors (11a and 11b) in
solvents like DMF, CH;CN, and THF in the presence of
organic and inorganic bases furnished disappointing outcomes
with either poor conversion or no reaction at all (entries 1—9).
Finally, the use of NHC precursor thiazolium bromide (11c)
and Cs,CO; in CH3;CN furnished 2,3-disubstituted naph-
thalen-1(2H)-one (6a) in moderate yield (entry 10). To
improve the yield, we utilized several solvents of different
polarities; however, no significant improvement was observed
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Scheme 1. NHC-Mediated Reaction of Aldehydes with
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(entries 11—13). To our delight, the yield and reaction rate
were improved significantly by switching the reaction medium
to DCM (entry 14). Additionally, screening some other bases,
such as DBU, DABCO, Et;N, and K,CO;, was performed;
however, Cs,CO; proved to be superior in activity and was the
best choice for our protocol (entries 15—18). A slightly lower
yield was observed when the reaction was conducted under
open air (entry 19). Increasing the reaction time and reducing
the catalyst loading to 10% did not help much in terms of the
yield of the naphthalen-1(2H)-one derivative (entries 20 and
21). A further reduction in catalyst loading to S mol % resulted
in a mere low conversion of the substrates (entry 22). The
reaction did not occur in the absence of the catalyst (entry 23).

Having established the optimal reaction conditions (Table 1,
entry 14), we investigated the scope of substrates (Scheme 2).
Various ketimines bearing an electron-donating group (-Me
and -OMe) produced the corresponding naphthalen-1(2H)-
one derivatives (6b—d, 6k, and 6n) in good yields. An
aromatic residue possessing electron-withdrawing substituents
(-F, -Cl, -Br, and -CN) also furnished respective naphthalen-
1(2H)-one analogues (6e—j, 61, 6m, and 6p) in high yields
(74—91%). Moreover, the simultaneous presence of both
electron-withdrawing and electron-donating groups in the
phenyl rings of ketimine led to high yields of the desired
products (60 and 6q). Notably, heterocyclic furan and
thiophene substrates as well as substituted phthalaldehyde
(5b) were also found to be suitable for the reaction, and the
desired products (6r—t) were obtained in 62%, 68%, and 75%
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Table 1. Screening Optimal Conditions for the Dual Stetter-
Aldol Reaction”

o
NTs NHC (11a-
Mo ©/\)Lph ¢, cat) O‘ Ph
H
Solvent, base,
o Ny, r.t. o
5a 1a 6a
Bn CH
fHe /= 40 HiC N+ — HsC N/: ’
NN ‘ \> | [ \> Br
HyC cl CH, s s
CH; H,C
HO HO
11a 11b 11c
NHC time

entry precursor base solvent (h) yield of 6 (%)b
1 11a DBU DCM 24 nd®
2 11a DABCO DCM 24 nd®
3 11a Cs,CO4 DCM 24 nd“
4 l1a Cs,CO;  CH,CN 24 nd*
S 11b Cs,CO; THF 12 12
6 11b Cs,CO;  CH,CN 12 22
7 11b DBU DMF 12 <10
8 11b DABCO DCM 12 15
9 11b Cs,CO; DCM 12 20
10 11c Cs,CO,  CH,CN 12 48
11 11c Cs,CO; DMF 12 46
12 11c Cs,CO; THEF 12 52
13 11c Cs,CO; toluene 12 38
14 11c Cs,CO; DCM 6 74
15 11c DBU DCM 6 45
16 11c DABCO DCM 6 SS
17 11c Et;N DCM 6 S1
18 11c K,CO;,4 DCM 6 56
197 11c Cs,CO;  DCM 6 59
20 11c Cs,CO; DCM 48 62
21° 11c Cs,CO,  DCM 6 61
2/ 11c Cs,CO; DCM 6 51
23¢ - Cs,CO; DCM 6 nd®

“Reaction conditions: phthalaldehyde (Sa, 1.0 mmol), N-tosyl-a,f-
unsaturated ketimine (1a, 1.0 mmol), solvent (S mL), NHC precursor
11a—c (15 mol %), base (20 mol %), 4 A molecular sieves, stirred at
ambient temperature. “Yield of the product obtained after purification
by silica gel column chromatography. “6a not detected. 911c, without
a N, atmosphere. “11c, at 10 mol %. fllc, at S mol %. Without
NHC.

yields, respectively. The structure of all of the unknown 2,3-
disubstituted naphthalen-1(2H)-one derivatives (6a—t) was
unambiguously established by NMR, FTIR, and ESI-MS
spectroscopy and also X-ray crystallographic analyses of
compound 6e (Supporting Information). o

Observing this phenomenon and a recent report by Ye
group to obtain 2-substituted 3-hydroxyindanone [10 (Scheme
1)],°! we were curious to know whether an N-tosylaldimine
(7b) may follow the initial formation of an uncommon aza-
“Breslow intermediate”, which on reaction with phthalaldehyde
to furnish isoquinoline through successive expulsion of
thiazolidinone and TsOH. To examine this hypothesis, N-
benzylidenebenzenesulfonamide (7b) was reacted with NHC
(in excess) and phthalaldehyde [Sa (Scheme 3)] under the
optimized reaction conditions (Table 1, entry 14). Surpris-
ingly, instead of expected 2-substituted 3-hydroxyindanone [10
(Scheme 1)], 3-phenyl isoquinoline (9a) was formed
(Supporting Information) in 80% yield (Scheme 3).
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Scheme 2. NHC-Catalyzed [4+2] Annulation to
Naphthalen-1(2H)-ones
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Scheme 3. NHC-Mediated Synthesis of Isoquinolines
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The scope of the N-tosylimines was extensively investigated
(Scheme 3). Interestingly, tosylimines with electron-with-
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drawing groups (-Br, -F, and -CN) in the phenyl ring were
tolerated under the mild reaction conditions to produce
respective isoquinolines (9c—g) in moderate to good yields
(65—75%) and slower reaction rates. The tosylimines bearing
electron-donating groups (-Me and -OMe) furnished isoquino-
lines (9h—k) in excellent yields (80—85%). The tosylimine-
containing a-pyrene group was found to be compatible with
the reaction, as well (91). The heteroarylimines, such as
tosylimine of thiophene-2-carboxaldehyde, furan-2-carboxalde-
hyde, nicotinaldehyde, and isonicotinaldehyde, also worked
well under the reaction conditions to form the corresponding
isoquinolines (9m—p) in high yields (78—83%). Notably,
substituted phthalaldehyde (Sb) was also found to be suitable
for the reaction, and the desired product was obtained in 75%
yield (9q). The structure of isoquinolines was unambiguously
established by NMR, FTIR, and ESI-MS spectroscopy and also
X—ragrlcrystallographic analyses of 9b (Supporting Informa-
tion).

The exact mechanism for the new organocatalytic reactions
is unknown to us. However, a plausible mechanism is proposed
on the basis of the literature reports and our ESI-MS study of
the ongoing reactions (Scheme 4). We postulate that the

Scheme 4. Mechanistic Pathway to Naphthalen-1(2H)-one
OH
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catalytic cycle for the formation of naphthalen-1(2H)-one
proceeded through the internal formation of a “Breslow
intermediate” (I) via the nucleophilic addition of the NHC to
phthalaldehyde (5), which on reaction with N-tosyl-a,f-
unsaturated ketimine (1) generates enol intermediate II
This may further undergo intramolecular aldol reaction to
transform into intermediate III, followed by dehydration to
generate intermediate IV. In addition, fragmentation leads to
desired product 6 along with the regeneration of free NHC for
the next catalytic cycle. From our ESI-MS reaction kinetics of
an ongoing reaction among Sa, 1f, and 11c to give 6f, symbolic
ESI-MS peaks were detected for “Breslow intermediate” I
(11c—5a adduct) at e/m 306.1034, intermediate II at e/m
701.2092, intermediate III at e¢/m 701.2039, and product 6f at
e/m 534.0912. These findings support the proposed catalytic
cycles.

Herein, the formation of isoquinoline is expected via initial
selective nucleophilic addition of the NHC (1lc) to N-
tosylaldimines (7), instead of phthalaldehyde, to generate an
aza-“Breslow intermediate” V, which on reaction with
phthalaldehyde (5a) to form putative intermediate VI
(Scheme 5). The nucleophilic addition of this enolate species
(VII) to the cationic thiazolium moiety followed by NHC
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Scheme 5. Mechanistic Pathway to Isoquinolines
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elimination as a thiazolidinone derivative (12) leads to the
generation of intermediate VIII, which on probable N- to O-
sulfonyl migration (IX) followed by removal of 4-methyl
benzenesulfonate triggers final compound 9. From our ESI-MS
reaction kinetics of the ongoing reaction among compound $Sa,
7b, and NHC 11c, characteristic ESI-MS peaks were detected
for intermediate V at e/m 465.1149, intermediate VI/VII at e/
m 599.1497, VIII/IX at e/m 433.0803, 12 at e/m 188.0561
and product 9b at e/m 240.0384. These findings support our
proposed mechanistic pathway.

In conclusion, we have developed an N-heterocyclic
carbene-catalyzed domino Stetter-aldol reaction of phthalalde-
hyde and o,f-unsaturated ketimines, which afforded the
corresponding 2,3-disubstituted naphthalen-1(2H)-one deriv-
atives as the formal [4+2] annulation product. Interestingly, an
extension of this strategy to aldimines led to the formation of
unprecedented isoquinolines as a sole product through the
formation of the unusual aza-“Breslow intermediate”. Our
protocol opens up a new avenue for the synthesis of the
isoquinoline scaffold under this set of mild reaction conditions.

B ASSOCIATED CONTENT
@ Supporting Information
The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acs.orglett.1c00337.

Experimental procedures, characterization data, and 'H
and *C NMR spectra for all compounds (PDF)

Accession Codes

CCDC 1923004 and 2062484 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author

Dilip K. Maiti — Department of Chemistry, University of
Calcutta, Kolkata 700009, India; ©® orcid.org/0000-0001-
8743-2620; Email: dkmchem@caluniv.ac.in

2181

Authors

Debabrata Barman — Department of Chemistry, University of
Calcutta, Kolkata 700009, India

Tanmoy Ghosh — Department of Chemistry, University of
Calcutta, Kolkata 700009, India

Krishanu Show — Department of Chemistry, University of
Calcutta, Kolkata 700009, India

Sudipto Debnath — Department of Chemistry, University of
Calcutta, Kolkata 700009, India

Tapas Ghosh — Department of Applied Science, Maulana Abul
Kalam Azad University of Technology, Haringhata 741249,
West Bengal, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.1c00337

Author Contributions

’D. Barman and Tanmoy Ghosh contributed equally to this
work.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from SERB (Project EMR/2017/005028)
and research fellowships from UGC (D.B.), DSK-PDF (K.
Show), and CSIR (Tanmoy Ghosh and S. Debnath) are
gratefully acknowledged.

B REFERENCES

(1) (a) Enders, D.; Balensiefer, T. Nucleophilic Carbenes in
Asymmetric Organocatalysis. Acc. Chem. Res. 2004, 37, 534—541.
(b) Berkessel, A.; Groger, H. Asymmetric Organocatalysis: From
Biomimetic Concepts to Applications in Asymmetric Synthesis; Wiley-
VCH: Weinheim, Germany, 200S. (c) Bugaut, X; Glorius, F.
Organocatalytic umpolung: N-heterocyclic carbenes and beyond.
Chem. Soc. Rev. 2012, 41, 3511—3522. (d) Marion, N.; Diez-
Gonzalez, S.; Nolan, S. P. N-Heterocyclic Carbenes as Organo-
catalysts. Angew. Chem., Int. Ed. 2007, 46, 2988—3000. (e) Enders, D.;
Niemeier, O.; Henseler, A. Organocatalysis by N-Heterocyclic
Carbenes. Chem. Rev. 2007, 107, 5606—5655. (f) Moore, J. L;
Rovis, T. Carbene catalysts. Top. Curr. Chem. 2009, 291, 77—144.
(g) Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, F. An
overview of N-heterocyclic carbenes. Nature 2014, 510, 485—496.
(h) Menon, R. S.; Biju, A. T.; Nair, V. Recent advances in employing
homoenolates generated by N-heterocyclic carbene (NHC) catalysis
in carbon-carbon bond-forming reactions. Chem. Soc. Rev. 20185, 44,
5040—5052. (i) Diez-Gonzalez, S. N-Heterocyclic Carbenes: From
Laboratory Curiosities to Efficient Synthetic Tools, 2nd ed.; The Royal
Society of Chemistry, 2016.

(2) (a) Stetter, H,; Schreckenberg, M. A New Method for Addition
of Aldehydes to Activated Double Bonds. Angew. Chem., Int. Ed. Engl.
1973, 12, 81-81. (b) Stetter, H. Catalyzed Addition of Aldehydes to
Activated Double Bonds—A New Synthetic Approach. Angew. Chem.,
Int. Ed. Engl. 1976, 15, 639—647. (c) Seebach, D. Methods of
Reactivity Umpolung. Angew. Chem., Int. Ed. Engl. 1979, 18, 239—258.
(d) Mattson, A. E.; Bharadwaj, A. R.; Scheidt, K. A. The Thiazolium-
Catalyzed Sila-Stetter Reaction: Conjugate Addition of Acylsilanes to
Unsaturated Esters and Ketones. J. Am. Chem. Soc. 2004, 126, 2314—
2315. (e) Hawkes, K. J.; Yates, B. F. The Mechanism of the Stetter
Reaction - A DFT Study. Eur. J. Org. Chem. 2008, 2008, 5563—5570.

(3) (a) Grossmann, A.; Enders, D. N-Heterocyclic Carbene
Catalyzed Domino Reactions. Angew. Chem., Int. Ed. 2012, 51,
314—325. (b) Chen, X.-Y,; Li, S;; Vetica, F.; Kumar, M.; Enders, D.
N-Heterocyclic-Carbene-Catalyzed Domino Reactions via Two or
More Activation Modes. iScience 2018, 2, 1-26. (c) Das, T. K;; Biju,

https://dx.doi.org/10.1021/acs.orglett.1c00337
Org. Lett. 2021, 23, 2178-2182


https://pubs.acs.org/doi/10.1021/acs.orglett.1c00337?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c00337/suppl_file/ol1c00337_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1923004&id=doi:10.1021/acs.orglett.1c00337
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2062484&id=doi:10.1021/acs.orglett.1c00337
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dilip+K.+Maiti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8743-2620
http://orcid.org/0000-0001-8743-2620
mailto:dkmchem@caluniv.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debabrata+Barman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tanmoy+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krishanu+Show"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sudipto+Debnath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tapas+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00337?ref=pdf
https://dx.doi.org/10.1021/ar030050j
https://dx.doi.org/10.1021/ar030050j
https://dx.doi.org/10.1039/c2cs15333e
https://dx.doi.org/10.1002/anie.200603380
https://dx.doi.org/10.1002/anie.200603380
https://dx.doi.org/10.1021/cr068372z
https://dx.doi.org/10.1021/cr068372z
https://dx.doi.org/10.1007/128_2008_18
https://dx.doi.org/10.1038/nature13384
https://dx.doi.org/10.1038/nature13384
https://dx.doi.org/10.1039/C5CS00162E
https://dx.doi.org/10.1039/C5CS00162E
https://dx.doi.org/10.1039/C5CS00162E
https://dx.doi.org/10.1002/anie.197300811
https://dx.doi.org/10.1002/anie.197300811
https://dx.doi.org/10.1002/anie.197606391
https://dx.doi.org/10.1002/anie.197606391
https://dx.doi.org/10.1002/anie.197902393
https://dx.doi.org/10.1002/anie.197902393
https://dx.doi.org/10.1021/ja0318380
https://dx.doi.org/10.1021/ja0318380
https://dx.doi.org/10.1021/ja0318380
https://dx.doi.org/10.1002/ejoc.200800506
https://dx.doi.org/10.1002/ejoc.200800506
https://dx.doi.org/10.1002/anie.201105415
https://dx.doi.org/10.1002/anie.201105415
https://dx.doi.org/10.1016/j.isci.2018.03.006
https://dx.doi.org/10.1016/j.isci.2018.03.006
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00337?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c00337?fig=sch5&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.1c00337?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

A. T. Imines as acceptors and donors in N-heterocyclic carbene
(NHC) organocatalysis. Chem. Commun. 2020, 56, 8537—8552.

(4) (a) Sanchez-Larios, E.; Gravel, M. Diastereoselective Synthesis
of Indanes via a Domino Stetter-Michael Reaction. J. Org. Chem.
2009, 74, 7536—7539. (b) Sanchez-Larios, E.; Holmes, J. M,
Daschner, C. L.; Gravel, M. NHC-Catalyzed Spiro Bis-Indane
Formation via Domino Stetter-Aldol-Michael and Stetter-Aldol-
Aldol Reactions. Org. Lett. 2010, 12, 5772—5775. (c) Sanchez-
Larios, E.; Holmes, J. M.; Daschner, C. L.; Gravel, M. Synthesis of
Spiro Bis-Indanes via Domino Stetter-Aldol-Michael and Stetter-
Aldol-Aldol Reactions: Scope and Limitations. Synthesis 2011, 12,
1896—1904.

(5) (a) Sun, F.-G.; Huang, X.-L.; Ye, S. Diastereoselective Synthesis
of 4-Hydroxytetralones via a Cascade Stetter-Aldol Reaction
Catalyzed by N-Heterocyclic Carbenes. J. Org. Chem. 2010, 75,
273—276. (b) Sun, F.-G; Ye, S. Diastereoselective Synthesis of 3-
Hydroxyindanones via N-Heterocyclic Carbene Catalyzed [4 + 1]
Annulation of Phthalaldehyde and 1,2-Diactivated Michael Acceptors.
Synlett 2011, 7, 1005—1009. (c) Jian, T.-Y.; Shao, P.-L.; Ye, S.
Enantioselective [4 + 2] cycloaddition of ketenes and 1-azadienes
catalyzed by N-heterocyclic carbenes. Chem. Commun. 2011, 47,
2381-2383. (d) Sun, F.-G.; Ye, S. N-Heterocyclic carbene-catalyzed
[4 + 1] annulation of phthalaldehyde and imines. Org. Biomol. Chem.
2011, 9, 3632—363S. (e) Jousseaume, T.; Wurz, N. E.; Glorius, F.
Highly Enantioselective Synthesis of a-Amino Acid Derivatives by an
NHC-Catalyzed Intermolecular Stetter Reaction. Angew. Chem., Int.
Ed. 2011, 50, 1410—1414. (f) Bugaut, X; Liu, F.; Glorius, F. N-
Heterocyclic Carbene (NHC)-Catalyzed Intermolecular Hydro-
acylation of Cyclopropenes. J. Am. Chem. Soc. 2011, 133, 8130—
8133. (g) Janssen-Miiller, D.; Schedler, M.; Fleige, M.; Daniliuc, C.
G.; Glorius, F. Enantioselective Intramolecular Hydroacylation of
Unactivated Alkenes: An NHC-Catalyzed Robust and Versatile
Formation of Cyclic Chiral Ketones. Angew. Chem., Int. Ed. 2018,
54, 12492—12496.

(6) (a) Hirano, K; Biju, A. T.; Piel, I; Glorius, F. N-Heterocyclic
Carbene-Catalyzed Hydroacylation of Unactivated Double Bonds. J.
Am. Chem. Soc. 2009, 131, 14190—14191. (b) Biju, A. T.; Wurz, N.
E.; Glorius, F. N-Heterocyclic Carbene-Catalyzed Cascade Reaction
Involving the Hydroacylation of Unactivated Alkynes. J. Am. Chem.
Soc. 2010, 132, 5970—5971. (c) Biju, A. T.; Glorius, F. Intermolecular
N-Heterocyclic Carbene Catalyzed Hydroacylation of Arynes. Angew.
Chem., Int. Ed. 2010, 49, 9761—-9764. (d) Piel, 1; Steinmetz, M,;
Hirano, K.; Frohlich, R.; Grimme, S.; Glorius, F. Highly Asymmetric
NHC-Catalyzed Hydroacylation of Unactivated Alkenes. Angew.
Chem., Int. Ed. 2011, 50, 4983—4987.

(7) (a) Vora, H. U; Rovis, T. Nucleophilic Carbene and HOAt
Relay Catalysis in an Amide Bond Coupling: An Orthogonal Peptide
Bond Forming Reaction. J. Am. Chem. Soc. 2007, 129, 13796—13797.
(b) Lathrop, S. P.; Rovis, T. Asymmetric Synthesis of Functionalized
Cyclopentanones via a Multicatalytic Secondary Amine/N-Hetero-
cyclic Carbene Catalyzed Cascade Sequence. J. Am. Chem. Soc. 2009,
131, 13628-13630. (c) Filloux, C. M.; Lathrop, S. P.; Rovis, T.
Multicatalytic, asymmetric Michael/Stetter reaction of salicylalde-
hydes and activated alkynes. Proc. Natl. Acad. Sci. U. S. A. 2010, 107,
20666—20671. (d) DiRocco, D. A; Rovis, T. Organocatalytic
hydroacylation of unactivated alkenes. Angew. Chem., Int. Ed. 2011,
50, 7982—7983.

(8) He, M.; Bode, J. W. Enantioselective, NHC-Catalyzed Bicyclo-f-
Lactam Formation via Direct Annulations of Enals and Unsaturated
N-Sulfonyl Ketimines. J. Am. Chem. Soc. 2008, 130, 418—419.

(9) Jiang, K.; Tiwari, B.; Chi, Y. R. Access to Spirocyclic Oxindoles
via N-Heterocyclic Carbene-Catalyzed Reactions of Enals and
Oxindole-Derived a,f-Unsaturated Imines. Org. Lett. 2012, 14,
2382—238S.

(10) (a) Sarkar, S.; Laha, R. M.; Mitra, R. N.; Maiti, D. K. Pd"-
Catalyzed Oxidative Aldehyde-sp”C-H Functionalization and Cycliza-
tion Using NHC with Mild Oxidant DMSO for the Selective
Synthesis of Esters, Sugar-Based Analogues, and A-Hydroxy
Chromanones: An 180-Labeling Study. ACS Omega 2016, 1, 981—

2182

995. (b) Mitra, R. N.; Show, K.; Barman, D.; Sarkar, S.; Maiti, D. K.
NHC-Catalyzed Dual Stetter Reaction: A Mild Cascade Annulation
for the Syntheses of Naphthoquinones, Isoflavanones, and Sugar-
Based Chiral Analogues. J. Org. Chem. 2019, 84, 42—52.

(11) (a) Bergmann, E. D.; Blumberg, S.; Bracha, P.; Epstein, S.
Polyphenylnaphtalenes, especially 1,4,5,8-tetraphenylnaphthalene.
Tetrahedron 1964, 20, 195—209. (b) El-Khawaga, A. M.; Roberts,
R. M. Friedel-Crafts reactions of tetramethylphenyl ketones with
tetramethylbenzenes. J. Org. Chem. 1984, 49, 3832—3834. (c) Roberts,
R. M.; El-Khawaga, A. M.; Roengsumran, S. A novel Friedel-Crafts
reaction of hindered ketones. J. Org. Chem. 1984, 49, 3180—3183.
(d) Roberts, R. M.; El-Khawaga, A. M.; Sweeney, K. M.; El-Zohry, M.
F. The question of Friedel-Crafts transformylations. Acid-catalyzed
reactions of aromatic aldehydes with arenes. J. Org. Chem. 1987, 52,
1591-1599. (e) Beletskaya, I. P.; Cheprakov, A. V. The Heck
Reaction as a Sharpening Stone of Palladium Catalysis. Chem. Rev.
2000, 100, 3009—3066. (f) Culkin, D. A.; Hartwig, J. F. Palladium-
Catalyzed a-Arylation of Carbonyl Compounds and Nitriles. Acc.
Chem. Res. 2003, 36, 234—24S. (g) Tsantali, G. G.; Takakis, I. M.
Expeditious Copper-Catalyzed Conjugate 1,4-Addition of Bromo[2-
(1,3-dioxolan-2-yl)ethyl Jmagnesium to a,f-Cycloalkenones and Sub-
sequent Transformations. J. Org. Chem. 2003, 68, 6455—6458.
(h) Smalley, T. L. A Ring Expansion Strategy in Antiviral Synthesis:
A Novel Approach to TAK-779. Synth. Commun. 2004, 34, 1973—
1980. (i) Hanus, L. O.; Tchilibon, S.; Ponde, D. E.; Breuer, A.; Fride,
E.; Mechoulam, R. Enantiomeric cannabidiol derivatives: synthesis
and binding to cannabinoid receptors. Org. Biomol. Chem. 2005, 3,
1116—1123.

(12) Pictet, A;; Spengler, T. Uber die Bildung von Isochinolin
derivaten durch Einwirkung von Methylal auf Phenylithylamin,
Phenylalanin und Tyrosin. Ber. Dtsch. Chem. Ges. 1911, 44, 2030—
2036.

(13) Bischler, A; Napieralski, B. Zur Kenntniss einer neuen
Isochinolinsynthese. Ber. Dtsch. Chem. Ges. 1893, 26, 1903—1908.

(14) (a) Pomeranz, C. Uber eine neue Isochinolinsynthese. Monatsh.
Chem. 1893, 14, 116—119. (b) Fritsch, P. Synthesen in der
Isocumarin und Isochinolinreihe. Ber. Dtsch. Chem. Ges. 1893, 26,
419—422.

(15) (a) Villuendas, P.; Urriolabeitia, E. P. Primary Amines as
Directing Groups in the Ru-Catalyzed Synthesis of Isoquinolines,
Benzoisoquinolines, and Thienopyridines. J. Org. Chem. 2013, 78,
5254—5263. (b) Kumar, S.; Saunthwal, R. K.; Aggarwal, T.; Kotla, S.
K. R; Verma, A. K. Palladium meets copper: one-pot tandem
synthesis of pyrido fused heterocycles via Sonogashira conjoined
electrophilic cyclization. Org. Biomol. Chem. 2016, 14, 9063—9071.
(¢) Sun, J.-G; Zhang, X.-Y,; Yang, H; Li, P,; Zhang, B. Highly
Regioselective Isoquinoline Synthesis via Nickel-Catalyzed Iminoan-
nulation of Alkynes at Room Temperature. Eur. J. Org. Chem. 2018,
2018, 4965—4969. (d) Guguloth, V.; Thirukovela, N. S.; Balaboina,
R.; Paidakula, S.; Vadde, R. Hydrophilic Pd-phosphines catalyzed one-
pot synthesis of substituted isoquinolines, furopyridines and
thienopyridines in aqueous medium. Tetrahedron Lett. 2019, 60,
297-299.

(16) CCDC number of compound 6e: 2062484.

(17) CCDC number of compound 9b: 1923004.

https://dx.doi.org/10.1021/acs.orglett.1c00337
Org. Lett. 2021, 23, 2178-2182


https://dx.doi.org/10.1039/D0CC03290E
https://dx.doi.org/10.1039/D0CC03290E
https://dx.doi.org/10.1021/jo901468h
https://dx.doi.org/10.1021/jo901468h
https://dx.doi.org/10.1021/ol102685u
https://dx.doi.org/10.1021/ol102685u
https://dx.doi.org/10.1021/ol102685u
https://dx.doi.org/10.1055/s-0030-1260031
https://dx.doi.org/10.1055/s-0030-1260031
https://dx.doi.org/10.1055/s-0030-1260031
https://dx.doi.org/10.1021/jo902376t
https://dx.doi.org/10.1021/jo902376t
https://dx.doi.org/10.1021/jo902376t
https://dx.doi.org/10.1055/s-0030-1259707
https://dx.doi.org/10.1055/s-0030-1259707
https://dx.doi.org/10.1055/s-0030-1259707
https://dx.doi.org/10.1039/C0CC04839A
https://dx.doi.org/10.1039/C0CC04839A
https://dx.doi.org/10.1039/c1ob05092c
https://dx.doi.org/10.1039/c1ob05092c
https://dx.doi.org/10.1002/anie.201006548
https://dx.doi.org/10.1002/anie.201006548
https://dx.doi.org/10.1021/ja202594g
https://dx.doi.org/10.1021/ja202594g
https://dx.doi.org/10.1021/ja202594g
https://dx.doi.org/10.1002/anie.201412302
https://dx.doi.org/10.1002/anie.201412302
https://dx.doi.org/10.1002/anie.201412302
https://dx.doi.org/10.1021/ja906361g
https://dx.doi.org/10.1021/ja906361g
https://dx.doi.org/10.1021/ja102130s
https://dx.doi.org/10.1021/ja102130s
https://dx.doi.org/10.1002/anie.201005490
https://dx.doi.org/10.1002/anie.201005490
https://dx.doi.org/10.1002/anie.201008081
https://dx.doi.org/10.1002/anie.201008081
https://dx.doi.org/10.1021/ja0764052
https://dx.doi.org/10.1021/ja0764052
https://dx.doi.org/10.1021/ja0764052
https://dx.doi.org/10.1021/ja905342e
https://dx.doi.org/10.1021/ja905342e
https://dx.doi.org/10.1021/ja905342e
https://dx.doi.org/10.1073/pnas.1002830107
https://dx.doi.org/10.1073/pnas.1002830107
https://dx.doi.org/10.1002/anie.201102920
https://dx.doi.org/10.1002/anie.201102920
https://dx.doi.org/10.1021/ja0778592
https://dx.doi.org/10.1021/ja0778592
https://dx.doi.org/10.1021/ja0778592
https://dx.doi.org/10.1021/ol3008028
https://dx.doi.org/10.1021/ol3008028
https://dx.doi.org/10.1021/ol3008028
https://dx.doi.org/10.1021/acsomega.6b00261
https://dx.doi.org/10.1021/acsomega.6b00261
https://dx.doi.org/10.1021/acsomega.6b00261
https://dx.doi.org/10.1021/acsomega.6b00261
https://dx.doi.org/10.1021/acsomega.6b00261
https://dx.doi.org/10.1021/acs.joc.8b01503
https://dx.doi.org/10.1021/acs.joc.8b01503
https://dx.doi.org/10.1021/acs.joc.8b01503
https://dx.doi.org/10.1016/S0040-4020(01)93208-9
https://dx.doi.org/10.1021/jo00194a032
https://dx.doi.org/10.1021/jo00194a032
https://dx.doi.org/10.1021/jo00191a026
https://dx.doi.org/10.1021/jo00191a026
https://dx.doi.org/10.1021/jo00384a038
https://dx.doi.org/10.1021/jo00384a038
https://dx.doi.org/10.1021/cr9903048
https://dx.doi.org/10.1021/cr9903048
https://dx.doi.org/10.1021/ar0201106
https://dx.doi.org/10.1021/ar0201106
https://dx.doi.org/10.1021/jo034350q
https://dx.doi.org/10.1021/jo034350q
https://dx.doi.org/10.1021/jo034350q
https://dx.doi.org/10.1081/SCC-120037909
https://dx.doi.org/10.1081/SCC-120037909
https://dx.doi.org/10.1039/b416943c
https://dx.doi.org/10.1039/b416943c
https://dx.doi.org/10.1002/cber.19110440309
https://dx.doi.org/10.1002/cber.19110440309
https://dx.doi.org/10.1002/cber.19110440309
https://dx.doi.org/10.1002/cber.189302602143
https://dx.doi.org/10.1002/cber.189302602143
https://dx.doi.org/10.1007/BF01517862
https://dx.doi.org/10.1002/cber.18930260191
https://dx.doi.org/10.1002/cber.18930260191
https://dx.doi.org/10.1021/jo400344m
https://dx.doi.org/10.1021/jo400344m
https://dx.doi.org/10.1021/jo400344m
https://dx.doi.org/10.1039/C6OB01539E
https://dx.doi.org/10.1039/C6OB01539E
https://dx.doi.org/10.1039/C6OB01539E
https://dx.doi.org/10.1002/ejoc.201800341
https://dx.doi.org/10.1002/ejoc.201800341
https://dx.doi.org/10.1002/ejoc.201800341
https://dx.doi.org/10.1016/j.tetlet.2018.12.035
https://dx.doi.org/10.1016/j.tetlet.2018.12.035
https://dx.doi.org/10.1016/j.tetlet.2018.12.035
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.1c00337?ref=pdf

