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ABSTRACT: A unique site-selectivity switch has been achieved in the ruthenium-catalyzed C—H arylation reaction of N-acetyl-
1,2-dihydroisoquinolines. This metal-mediated switch is antipodal to the previous report on the palladium-mediated C-4 C—H
arylation on the same substrate. Mechanistic details reveal interesting aspects of the reaction pathway, and kinetic studies bring
out the difference in the modes of C—H activation adopted by the two catalytic systems.

electivity plays a pivotal role in organic synthesis. When Scheme 1. Metal-Controlled Site-Selectivity Switch
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chemo-, regio-, or stereoselectivity forms the very basis of TR ———t
' . . R . . =N Ar-B(OH), NAc Ar-B(OH), 2N
synthesis.” Controlling site selectivity is a primary concern in I

C—H activation and subsequent functionalization, simply due via electrophilic metallation Vie directed metallation
to the fact that several C—H bonds exist in the substrate that
possess the same bond dissociation energies as well as chemical tion of n-deficient heterocycles is a challenge, and often
environment.”” Innate reactivity is often invoked for site regioselectivity is poor, primarily due to the reduced
selectivity in electronically biased systems.” In other substrates, coordination ability and reactivity of these heterocycles.
the most preferred route is the deployment of Lewis basic Substrate modification and introduction of directing groups
directing groups.’” The outcome and efficiency of the are indirect methods of achieving C—H functionalization at
transformation is dependent on the coordination ability of selected positions in these heterocycles.'""?
the directing group. It is quite likely that the two approaches Isoquinolines are among the most prevalent structures in
would also differ in the mechanism adopted for C—H biologically relevant molecules,"” and 3-substituted isoquino-
activation.’ lines and in particular 3-arylisoquinolines have attracted much
Switching site selectivity within a single substrate requires an attentionlgrom chemists owing to their prominent biological
efficient demarcation between the two approaches, and this activities. ~ Isoquinolines exist in various oxidation states as
concept has been utilized mostly in heterocyclic substrates such isoquinolines, and dihydro- and tetrahydroisoquinolines exist in
as indoles, pyrroles, and pyrazolopyrimidines.7 Approaches numerous natural products and bioactive molecules.” In this
include changing the electronic/steric nature of the substrate as context, dihydroisoquinolines constitute synthetically strategic
well as employing reagent controls (solvent or additive).7a’° molecules since they are precursors to both isoquinolines and
Often, a directing group can guide the transformation to two tetrahydroisoquinolines.
different neighboring sites depending on the reagents or In our previous studies on palladium cagtalyzed C-4 C-H
catalyst systems employed.”® We report herein a unique arylation of N-acetyl-1,2-dihydroquinolines,” we had observed
ruthenium mediated site-selectivity switch in the C—H arylation varying quantities of the minor regioisomer corresponding to

of N-acetyl-1,2-dihydroquinolines, thus leading to 3-aryl the C-3 arylation in some of the substrates. This led us to
isoquinolines. wonder whether the reaction conditions could be tweaked to

This result is completely antipodal to our previous report on exclusively favor the C-3 arylation. To our delight (after
palladium catalyzed C—H arylation on the same substrate considerable optimization), switching to ruthenium catalysis
which led to 4-aryl isoquinolines (Scheme 1).” In the previous Comp.letely inverted the selectivit}.r to favor Fhe C3 C_H
case we had obtained distal C—H bond functionalization, arylation (see Supporting Information for details). The initial
whereas in the present case we have achieved the proximal C—
H bond functionalization and a clear distinction can be made in Received: November 29, 2016
the two modes of C—H activation.'® The direct functionaliza- Published: December 22, 2016
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screening studies were carried out using the simple N-acetyl-
1,2-dihydroisoquinoline as the substrate. Phenylboronic acid
was chosen as the model aryl coupling partner. In one of our
previous works on C—H arylation, we had optimized the
reaction for the heteroatom-directed C-2 arylation of indole;"”
we attempted the same optimized catalytic combination with a
model substrate, but the reaction did not yield the desired
results. However, when we used an additive (1-Ad)-CO,H with
the previously optimized conditions, this resulted in desired 3-
aryldihydroisoquinoline (59% 7yield), but this (1-Ad)-CO,H
additive did not work with electron-rich boronic acids. Among
all the additives scanned, AgSbF¢ had the best performance. We
extensively scanned the bases, in which Ag,O worked better
than AcONa, K;PO,, and Cs,COj3, and among all, K,CO; gave
the best results. The use of solvents other than dioxane led to a
considerable decrease in yield, and in the case of isopropyl
alcohol, the reaction did not work. Cu(OTf), (50 mol %) was
found to be crucial for the transformation. The utilization of
other oxidants such as Cu(OAc),’H,0, BQ, AgOAc, and
Ag,COj resulted in poor transformations. A 5 mol % catalyst
loading was found to be optimum for the transformation,
although in most cases 3 mol % was sufficient for a good
transformation. The reaction did not work without the
ruthenium catalyst, as the starting material was recovered,
proving that the ruthenium catalyst is necessary for the
transformation. We also investigated the significance of
Cu(OTf), and additive AgSbFg, and both were found to be
necessary for the reaction. We found [RuCl,(p-cym)],/
Cu(OTY),/K,CO5/AgSbF,/O, in Dioxane as the best perform-
ing combination. The optimized conditions worked very
efficiently for most of the substrates and boronic acids
examined (Scheme 2, Part A). The reaction worked well with
arylboronic acids carrying electron-neutral and electron-with-
drawing substituents (these were more reactive) and gave an
excellent yield with exclusive regioselectivity. A variety of
electron-rich arylboronic acids were investigated, and these
provided moderate to excellent yields of the corresponding
products. When the disubstituted electron-rich aryl boronic
acids were exposed to the optimized conditions, the expected 3-
arylisoquinoline products were obtained in moderate yield. The
total reaction time for the electron-rich arylboronic acids was
found to be slighly prolonged as compared to others.
Polysubstituted arylboronic acids also worked well with the
optimized reaction conditions. Substituents at ortho-position to
the arylboronic acid were tolerated and provide 3-arylisoquino-
line in moderate to good yield. We then proceeded to
investigate the steric and electronic influence around the
isoquinolines. The substrates bearing an electron-withdrawing
substituent are more reactive than the unsubstituted ones. The
substrates bearing an electron-rich substituent also worked
under the optimized reaction conditions, and products were
obtained in moderate yields. In addition, we tested the steric
influence at C-1 of the N-acetyl-1,2-dihydroisoquinolines and
found that the reaction worked quite well with exclusive
regioselectivity in all cases. Aryl boronic acids bearing reactive
motifs such as halogens exhibited excellent chemoselectivity.
This is an added advantage of this methodology that these halo-
groups can be further functionalized to yield densely function-
alized products. As a second illustration of this strategy, we
demonstrated the synthetic utility of the synthesized 3-aryl-1,2-
dihydroisoquinolines compounds by converting these to the
corresponding 3-arylisoquinoline in the same pot by using
DDQ (Scheme 2, Part B). We successfully synthesized a small
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Scheme 2. Scope of Ruthenium-Catalyzed Synthesis of 3-
Aryl-1,2-dihydroisoquinolines”
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“All yields are isolated yields.

library of biologically significant 3-arylisoquinolines with
structural variations at a variety of positions. This amounted
to an indirect conversion of the parent isoquinoline to 3-
arylisoquinoline, a transformation that is very difficult to
achieve by traditional methods.

The outcome of this transformation was very intriguing
especially since we had obtained a regioselective transformation
at C-4 when using palladium catalysis.” In that transformation
we had proposed a heteroatom-guided (electrophilic) pallada-
tion pathway.'” In the present case we were sure that the
electrophilic metalation would not be followed and that the
reaction was following a heteroatom-directed pathway, assisted
by the N-acyl group (Scheme 3). We then carried out control
reactions to negate the possibility of a 1,2-migration of the
metal to the neighboring position (Scheme 4). In both cases,
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Scheme 3. Plausible Mechanism for the Transformation
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blocking either the C-4 or C-3 position resulted in arylations
that were particular only to a specific site and catalyst system.

Scheme 4. Control Reactions To Prove Site Selectivity”
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“The remaining material was aromatized starting material.

This clearly ruled out a pathway involving a 1,2 migration of
the metal, either from C-3 to C-4 or from C-4 to C-3.
Monitoring the reaction by NMR clearly proved the point (see
Figure S27 in the Supporting Information), and in the
ruthenium catalysis only the peak corresponding to C3—H
was affected indicating the formation of a ruthenacycle at C-3.

Studies carried out to investigate the reversibility of the
metalation indicated that the C—H activation step was
reversible, and these also indicated that the steps following
the C—H activation were faster than the reverse reaction. This
was evident from the lower deuterium content in the recovered
starting material when the reaction was carried out in the
presence of the arylboronic acid (Scheme S). Kinetic isotope
effect studies brought out interesting aspects of the reaction. In
the case of the ruthenium catalyzed reaction, a KIE was not
observed, indicating that the rate limiting step did not involve
the C-3 C—H bond cleavage.” Interestingly, in the palladium
catalyzed transformation we obtained a value far lower than 1.
This indirectly supported our proposed electrophilic pallada-
tion mechanism in which there was a change in hybridization of
C-4 (sp® to sp*), and in such cases the KIE value can be far
lower than 1.”" It is also possible that the transition state for the
palladium-catalyzed C-4 C—H activation step is a combination
of electrophilic activation as well as an acetate assisted CMD
pathway, with the former dominating the latter ((B), Scheme
5). These observations clearly indicate completely different
modes of C—H activation operating in the two catalytic cycles,
the distal C—H being activated via electrophilic metalation
whereas the proximal C—H is activated via heteroatom-directed
metalation. In view of these interesting outcomes, we were
curious to see which of the reactants were involved in the rate-
limiting steps. We then proceeded to study the order of the two
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Scheme 5. Reversibility of Metalation and Kinetic Studies
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reactions, and in the ruthenium catalyzed reaction, the
transformation was first-order with respect to the catalyst,
base, and the boronic acid whereas, in the case of the palladium
catalyzed reaction, the transformation was not first-order with
respect to the boronic acid but was first-order regarding the
catalyst, base, and additive.”> This, in a way, indicated the
involvement of the transmetalation step as a rate-limiting factor
in the ruthenium-catalyzed transformation. To determine
whether the boronic acid would exhibit a Hammett dependency
with respect to substituents, we carried out studies in this
direction (see Figure S28, Supporting Information). The
Hammett plot resulted in a low value for the reaction constant
(p* = 0.322), indicating the absence of a substituent effect on
the transmetalation step or indicating that the mesomeric effect
on the developing negative charge on the boronic acid was only
nominal.””

To conclude, in the metal-controlled site-selectivity switch, a
clear distinction has been made in the two modes of C—H
arylation: the proximal C—H is activated via the ruthenium
catalysis whereas the distal C—H is activated via the palladium
catalysis. The mechanistic studies and kinetic data point to
electrophilic C—H activation via palladium catalysis whereas
chelation-controlled C—H activation occurs in ruthenium
catalysis. The site-selectivity control makes it possible to access
both 3- and 4-arylisoquinolines from a single starting material.
The newly developed ruthenium-catalyzed transformation
provides access to a wide spectrum of structurally diverse 3-
arylisoquinolines, with high yields and exclusive regioselectivity.
Chemoselectivity observed with the halo-substituted arylbor-
onic acids is an added advantage of the method.

DOI: 10.1021/acs.orglett.6b03558
Org. Lett. 2017, 19, 262—-265



Organic Letters

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.6b03558.

Experimental details and spectral characterization of all
new compounds (PDF)

Crystal structure of 3ac (CIF)

Crystal structure of 3ee (CIF)

Crystal structure of 4af (CIF)

B AUTHOR INFORMATION
Corresponding Author
*E-mail: mk@iiserb.ac.in.
ORCID

Manmohan Kapur: 0000-0003-2592-6726
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Funding from DST-India (SB/S1/0C-10/2014) and CSIR-
India (02(205)/14/EMR-1I) is gratefully acknowledged. V.K.T.
thanks CSIR-India for a Research Fellowship. N.K. thanks
IISERB for a BS-MS Fellowship. We thank CIF IISERB for the
spectral data and Ms. Anusha Upadhyay and Mr. Lalit Mohan
Jha, IISERB, for the X-ray data. We also thank Director, IISERB
for funding and infrastructural facilities.

B REFERENCES

(1) (a) Dick, A. R; Sanford, M. S. Tetrahedron 2006, 62, 2439.
(b) Neufeldt, S. R.; Sanford, M. S. Acc. Chem. Res. 2012, 45, 936.

(2) For some selected reviews, see: (a) Shilov, A. E.; Shul’pin, G. B.
Chem. Rev. 1997, 97, 2879. (b) Stahl, S. S.; Labinger, J. A.; Bercaw, J.
E. Angew. Chem.,, Int. Ed. 1998, 37, 2180. (c) Labinger, J. A.; Bercaw, J.
E. Nature 2002, 417, 507. (e) Bergman, R. G. Nature 2007, 446, 391.
(f) Kakiuchi, F.; Kochi, T. Synthesis 2008, 2008, 3013. (g) Chen, X;
Engle, K. M.; Wang, D.-H; Yu, J.-Q. Angew. Chem., Int. Ed. 2009, 48,
5094. (h) Wencel-Delord, J.; Droge, T.; Liu, F.; Glorius, F. Chem. Soc.
Rev. 2011, 40, 4740.

(3) (a) Colby, D. A; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010,
110, 624. (b) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147.
(c) Engle, K. M; Mei, T.-S.; Wasa, M.; Yu, J.-Q. Acc. Chem. Res. 2012,
45, 788.

(4) Ritleng, V.; Sirlin, C.; Pfeffer, M. Chem. Rev. 2002, 102, 1731.

(5) (a) Ackermann, L.; Vicente, R; Kapdi, A. R. Angew. Chem., Int.
Ed. 2009, 48, 9792. (b) Giri, R; Shi, B.-F.; Engle, K. M; Maugel, N.;
Yu, J.-Q. Chem. Soc. Rev. 2009, 38, 3242. (c) Zhang, M.; Zhang, Y.; Jie,
X.; Zhao, H,; Li, G,; Su, W. Org. Chem. Front. 2014, 1, 843.

(6) Sezen, B.; Sames, D. J. Am. Chem. Soc. 2003, 125, 10580.

(7) (2) Grimster, N. P.; Gauntlett, C.; Godfrey, C. R. A.; Gaunt, M. J.
Angew. Chem.,, Int. Ed. 2005, 44, 312S. (b) Lane, B. S.; Brown, M. A;
Sames, D. J. Am. Chem. Soc. 2005, 127, 8050. (c) Beck, E. M,
Grimster, N. P.; Hatley, R.; Gaunt, M. J. J. Am. Chem. Soc. 2006, 128,
2528. (d) Phipps, R. J.; Grimster, N. P.; Gaunt, M. J. . Am. Chem. Soc.
2008, 130, 8172. (e) Bedford, R. B.; Durrant, S. J.; Montgomery, M.
Angew. Chem.,, Int. Ed. 2015, 54, 8787.

(8) Kondrashov, M.; Provost, D. O.; Wendt, F. Dalton Trans. 2016,
4S5, 528.

(9) Tiwari, V. K; Pawar, G. G.; Jena, H. K; Kapur, M. Chem.
Commun. 2014, 50, 7322.

(10) For a previous report on metal mediated site-selectivity
switching in the C—H arylation of triazoles, see: (a) Ackermann, L.;
Vicente, R. Org. Lett. 2009, 11, 4922. For a discussion on the

265

mechanism, see: (b) Ackermann, L.; Vicente, R.; Althammer, A. Org.
Lett. 2008, 10, 2299. (c) Ackermann, L.; Althammer, A.; Fenner, S.
Angew. Chem., Int. Ed. 2009, 48, 201. For a Cu-catalyzed arylation, see:
(d) Ackermann, L.; Potukuchi, H. K; Landsberg, D.; Vicente, R. Org.
Lett. 2008, 10, 3081.

(11) For some selected references for the synthesis of isoquinolines
via C—H functionalization, see: (a) Fischer, D.; Tomeba, H.; Pahadi,
N. K;; Patil, N. T.; Huo, Z.; Yamamoto, Y. J. Am. Chem. Soc. 2008, 130,
15720. (b) Guimond, N.; Fagnou, K. J. Am. Chem. Soc. 2009, 131,
12050. (c) Donohoe, T. J.; Pilgrim, B. S.; Jones, G. R;; Bassuto, J. R.
Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 11605. (d) Chinnagolla, R. K;
Pimparkar, S.; Jeganmohan, M. Org. Lett. 2012, 14, 3032.
(e) KornhaaB}, C.; Li, J.; Ackermann, L. J. Org. Chem. 2012, 77, 9190.

(12) For some selected references of C—H functionalization in
quinolines, see: (a) Seiple, L. B.; Su, S.; Rodriguez, R. A.; Gianatassio,
R.; Fujiwara, Y.; Sobel, A. L,; Baran, P. S. J. Am. Chem. Soc. 2010, 132,
13194. (b) Tiwari, V. K; Pawar, G. G.; Das, R.; Adhikary, A.; Kapur,
M. Org. Lett. 2013, 15, 3310.

(13) (a) Chrzanowska, M.; Rozwadowska, M. D. Chem. Rev. 2004,
104, 3341. (b) Mach, U. R; Hackling, A. E.; Perachon, S.; Ferry, S.;
Wermuth, C. G.; Schwartz, J. C.; Sokoloff, P.; Stark, H. ChemBioChem
2004, S, 508. (c) Bringmann, G.; Dreyer, M.; Faber, J. H.; Dalsgaard,
P. W,; Staerk, D.; Jaroszewski, J. W.; Ndangalasi, H.; Mbago, F.; Brun,
R.; Christensen, S. B. J. Nat. Prod. 2004, 67, 743. (d) Graulich, A
Mercier, F.; Scuvee-Moreau, J.; Seutin, V.; Liegeois, J. F. Bioorg. Med.
Chem. 2005, 13, 1201. (e) Morrell, A;; Antony, S.; Kohlhagen, G;
Pommier, Y.; Cushman, M. J. Med. Chem. 2006, 49, 7740. (f) Chen, Y.
H.; Zhang, Y. H; Zhang, H. J,; Liu, D. Z.; Gu, M;; Li, J. F;; Wu, F;
Zhu, X. Z; Li, J; Nan, F. J. J. Med. Chem. 2006, 49, 1613.
(g) Bringmann, G.; Mutanyatta- Comar, J.; Greb, M.; Rudenauer, S.;
Noll, T. F,; Irmer, A. Tetrahedron 2007, 63, 1755.

(14) (a) Le, T. N.; Cho, W.-J. Bull. Korean Chem. Soc. 2006, 27, 2093.
(b) Wada, Y.; Nishida, N.; Kurono, N.; Ohkuma, T.; Orito, K. Eur. J.
Org. Chem. 2007, 2007, 4320.

(15) (a) Chrzanowska, M.; Rozwadowska, M. D. Chem. Rev. 2004,
104, 3341. (b) Bentley, K. W. Nat. Prod. Rep. 2006, 23, 444 and
references therein. (c) Grycova, L.; Dostal, J.; Marek, R. Phytochemistry
2007, 68, 150.

(16) (a) Chaumontet, M.; Piccardi, R;; Baudoin, O. Angew. Chem,,
Int. Ed. 2009, 48, 179. (b) Gatland, A. E.; Pilgrim, B. S.; Procopiou, P.
A.; Donohoe, T. J. Angew. Chem., Int. Ed. 2014, 53, 14555.

(17) (a) Tiwari, V. K; Kamal, N.; Kapur, M. Org. Lett. 2015, 17,
1766. (b) Kumar, G. S.; Kapur, M. Org. Lett. 2016, 18, 1112.

(18) Crystal structures submitted to Cambridge Cystallographic Data
Centre, CCDC deposition numbers: (a) CCDC 1509636, (b) CCDC
1509635, (c) CCDC 1509637.

(19) For some selected references, see ref 10 and: (a) Stuart, D. R;;
Fagnou, K. Science 2007, 316, 1172. (b) Stuart, D. R; Villemure, E.;
Fagnou, K. J. Am. Chem. Soc. 2007, 129, 12072. (c) Zhou, H.; Chung,
W.-J,; Xu, Y.-H.; Loh, T.-P. Chem. Commun. 2009, 3472. (d) Zhou, H,;
Xu, Y.-H,; Chung, W.-J.; Loh, T.-P. Angew. Chem., Int. Ed. 2009, 48,
5355. (e) Bi, L,; Georg, G. L. Org. Lett. 2011, 13, 5413. (f) Min, M,;
Hong, S. Chem. Commun. 2012, 48, 9613. (g) Petit, A.; Flygare, J;
Miller, A. T; Winkel, G; Ess, D. H. Org. Lett. 2012, 14, 3680.
(h) Gigant, N.; Chausset-Boissarie, L.; Belhomme, M.-C.; Poisson, T.;
Pannecoucke, X.; Gillaizeau, I. Org. Lett. 2013, 15, 278. (i) Pawar, G.
G.; Singh, G.; Tiwari, V. K; Kapur, M. Adv. Synth. Catal. 2013, 355,
218S. (]) Pawar, G. G.; Tiwari, V. K; Jena, H. K; Kapur, M. Chem. -
Eur. J. 2015, 21, 990S. (k) Midya, S. P.; Sahoo, M. K; Landge, V. G;
Rajamohanan, P. R.; Balaraman, E. Nat. Commun. 20185, 6, 8591.

(20) (a) Simmons, E. M.; Hartwig, J. F. Angew. Chem., Int. Ed. 2012,
S1, 3066.

(21) (a) Gomez-Gallego, M.; Sierra, M. A. Chem. Rev. 2011, 111,
4857. (b) Bhalla, G; Liu, X. Y.; Oxgaard, J.; Goddard, W. A,, IIJ;
Periana, R. A. J. Am. Chem. Soc. 2008, 127, 11372.

(22) Schnapperelle, L; Breitenlechner, S.; Bach, T. Chem. - Eur. ].
2015, 21, 18407.

DOI: 10.1021/acs.orglett.6b03558
Org. Lett. 2017, 19, 262—-265



