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ABSTRACT: A rhodium-catalyzed annulation between ethyl
benzimidates and α- aroyl sulfur ylides was developed,
affording a series of pyrano[4,3,2-ij]isoquinoline derivatives
in moderate to good yields with good functional group
compatibility. The procedure featured dual ortho-C−H
functionalization and dual cyclization in one pot. The
optoelectronic properties of those fused heteroarenes were tested by UV/vis and fluorescence spectrometers.

The directing group assisted functionalization of arene C−
H bonds represents one of the hottest topics in organic

synthetic chemistry.1−3 However, further removal of those
directing groups was required in most cases. To circumvent
this, procedures employing either traceless4 or transient
directing groups5 were developed (Scheme 1, eq 1).

Alternatively, the in situ conversion of directing group into
the skeleton of the final product is a better idea that allows
rapid access to the target molecule with chemical complexity
and diversity. As a result, the sequential directing group assisted
C−H functionalization and annulation between the introduced
functional group and the directing group provides a facile
pathway toward benzo products (Scheme 1, eq 2).6

Accordingly, fused aromatic frameworks could be constructed
facilely through sequential dual C−H functionalization7 and
annulation with the directing group (Scheme 1, eq 3).7 To

achieve this, the selection of a proper substrate possessing dual
coordination sites to ensure the secondary directing group
assisted C−H functionalization is the key factor.
Ethyl benzimidates are potential substrates since both N and

O atoms may coordinate with the transition-metal catalyst in
directing-group-assisted functionalization of arene C−H
bonds.8 Meanwhile, sulfur ylides9 function as surrogates of
diazo compounds in metal-catalyzed reactions due to the
relatively higher security and stability of sulfur ylides.10,11 In
view of the well-developed Rh-catalyzed C−C and C−X bonds
formation reactions via C−H activation,12,13 Aιs̈sa and co-
workers pioneered a rhodium-catalyzed coupling of aromatic
C(sp2)−H with α-aroyl sulfur ylides.14 Afterward, Li applied
this strategy in the synthesis of a variety of carbocycles and N-
heterocycles.15

We initially chose ethyl benzimidate (1a) and α-benzoyl
sulfur ylide (2a) as model substrates to explore the dual ortho-
C−H fuctionalization/cyclization reaction. In the presence of a
catalytic amount of [Cp*RhCl2]2/AgSbF6 (5 mol %), and
NaOAc (2.0 equiv) as the base, the reaction took place at 80 °C
in DCM to generate the desired pyrano[4,3,2-ij]isoquinoline
(3aa), albeit in a low yield (13%, Table 1, entry 5). The
reaction did not run in many solvents, such as THF, DMF,
MeCN, and EtOH, even at 120 °C (Table 1, entries 1−4). To
our delight, the yield increased to 55% in DCE (Table 1, entry
6). The sliver salts improved the reaction efficiency, and
Cp*Rh(OAc)2 was superior to [Cp*IrCl2]2 and CoCp*(CO)I2
(Table 1, entry 7). The fused aromatic compound 3aa was
isolated in 81% yield in the presence of 0.2 equiv of Cu(OAc)2
(Table 1, entry 8). Among the bases tested, sodium acetate was
the best one (Table 1, entries 8−12). The yield decreased in
the absence of any base (53%, Table 1, entry 13). The
practicability of this method was investigated in a 1 mmol scale,
and 3aa was isolated in an acceptable 66% yield.
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Scheme 1. Constructed Frameworks after Ortho-C−H
Functionalization
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With the optimized reaction conditions in hand, the scope
and limitation of ethyl benzimidate derivatives were studied as
shown in Figure 1. Generally, the reaction efficiency was not
sensitive to the electron nature of the substituents on the aryl as
substrates bearing both electron-donating (3ba−ga and 3ka,
49−83%) and electron-withdrawing groups (3ha−ja, 65−90%)
all worked well to deliver the desired products in good to
excellent yields. Specially, substrates with a meta substituent in
phenyl resulted in a mixture of two regioselective isomers
(3ba/3ca, 49%, 1.3/1), and ethyl 2-methylbenzimidate failed to
work. Notably, halo groups survived well under the procedure,
which provided handles for potential further functionalizations.
In addition, the structure of 3ha was further confirmed by X-ray
crystallography (for details, see the Supporting Information).
Next, the scope of sulfur ylides was investigated as shown in

Figure 2. Generally, α- aroyl sulfur ylides bearing both electron-
donating (3ab−af, 66−87%) or withdrawing groups (3ag−ai,
79−86%) all worked well to deliver the desired products in
moderate to good yields. In addition, this procedure was
applicable to sulfur ylides with 2-thiophene-yl (2j) and
cyclohexyl (2k) attached in the carbonyl.
The reactivities of different alkyl benzimidates were also

tested as shown in Scheme 2. As expected, the alkyl groups
have little effect on the yield of 3aa except the methyl substrate
(1l).
The UV/vis and fluorescence emission properties of 3aa, 3aj,

3ae, 3ai, 3ia, and 3ga were studied as shown in Figure 3 and
Table 2. All products showed similar optoelectronic properties:
one absorption maxima around 340 nm and one fluorescence
maximum around 465 nm. The optical properties were
significantly changed by substituents. The fluorescence maxima
are red-shifted (Figure 3) when the alkyl (3aa, 464 nm; 3ae,

468 nm) or halogen (3ai, 462 nm) group is replaced by an aryl
group (3ga, 471 nm). To our delight, the Stokes shift of 3aj is
as large as 141 nm (Table 2).
In the control experiment (Scheme 3), 1-ethoxy-3-phenyl-

isoquinoline (4) was detected at 40 °C, indicating the high
reactivity of the imide group in ortho-C−H activation and
cyclization.15c Intriguingly, 1-ethoxyisoquinoline (5) failed to
deliver product 6 under the standard procedure. This result

Table 1. Selected Results for Screening the Optimized
Reaction Conditionsa

entry base additive (equiv) solvent yieldb (%)

1 NaOAc THF nr
2 NaOAc DMF nr
3 NaOAc MeCN trace
4 NaOAc EtOH trace
5 NaOAc DCM 13i

6 NaOAc DCE 55
7 NaOAc DCE 18c, 34d, 77e, tracef, traceg

8 NaOAc Cu(OAc)2 (0.2) DCE 81, 49h, 32i

9 KOAc Cu(OAc)2 (0.2) DCE 63
10 KHCO3 Cu(OAc)2 (0.2) DCE 19
11 K2HPO4 Cu(OAc)2 (0.2) DCE 21
12 K2CO3 Cu(OAc)2 (0.2) DCE <10
13 Cu(OAc)2 (1.0) DCE 53
14 Cu(OAc)2 (1.0) DCE 20c

aReaction conditions: ethyl benzimidate 1a (0.1 mmol), dimethylox-
osulfonium benzoylmethylide 2a (0.22 mmol), catalyst: [Cp*RhCl2]2
(5 mol %), Cp* = 1,2,3,4,5-pentamethylcyclopenta-1,3-diene, AgSbF6
(20 mol %), base (0.2 mmol), additive, solvent (2.0 mL), under N2, at
120 °C for 12 h, in a sealed Schlenk tube, unless otherwise noted.
bIsolated yield. cWithout AgSbF6.

d[Cp*Rh(MeCN)3)](SbF6)2 (5
mol %), without Ag salt. eCp*Rh(OAc)2 (5 mol %). f[Cp*IrCl2]2 (5
mol %). gCoCp*(CO)I2.

h100 °C. i80 °C. Figure 1. Scope of substituted ethyl benzimides. (a) Reaction
conditions: substituted ethyl benzimidate 1 (0.1 mmol), dimethylox-
osulfonium benzoylmethylide 2a (0.22 mmol), catalyst: [Cp*RhCl2]2
(5 mol %), AgSbF6 (20 mol %), Cu(OAc)2 (20 mol %), NaOAc (0.2
mmol), DCE (2.0 mL), under N2, at 120 °C for 12 h, in a sealed
Schlenk tube, unless otherwise noted. (b) Isolated yield. (c) It is
difficult to isolate the corresponding cross-coupling mixture (3ba and
3ca); their ratio data was determined by 1H NMR spectrum.

Figure 2. Substrate scope of α-aroyl sulfur ylides. (a) Reaction
conditions: ethyl benzimidate 1a (0.1 mmol), α-aroyl sulfur ylide 2
(0.22 mmol), catalyst: [Cp*RhCl2]2 (5 mol %), AgSbF6 (20 mol %),
Cu(OAc)2 (20 mol %), NaOAc (0.2 mmol), DCE (2.0 mL), under N2,
at 120 °C for 12 h, in a sealed Schlenk tube, unless otherwise noted.
(b) Isolated yield.
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indicated that before the cyclization of imide it was the nitrogen
atom rather than the oxygen atom which chelated with rhodium
to facilitate the secondary cleavage of C−H bond.
On the basis of the control experiments and previous

reports,7,14,15 a catalytic cycle for the dual ortho-C−H
functionalization and cyclization is proposed (Scheme 4).
Initially, de-dimerization of [Cp*RhCl2]2 and C−H activation
of ethyl benzimide produce a rhodacyclic intermediate A. Then
coordination of 2a with A leads to a Rh(III) intermediate B,
which transforms to a carbene species C by α-elimination of
DMSO. Afterward, the migratory insertion and protonolysis
afford the acylmethylated intermediate E. Finally, after the
secondary catalytic cycle, E furnishes 3aa by release of Rh(III)
catalyst and a dehydrating process.
In conclusion, we have developed a rhodium-catalyzed dual

ortho- C−H functionalization and annulation between ethyl
benzimidates and α-aroyl sulfur ylides toward a series of
functionalized isoquinazolones in good to moderate yields. The
compounds are fluorescent with emission maxima around 465
nm and Stokes shifts up to 141 nm.
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Scheme 2. Reaction of Alkyl Benzimidate and Sulfur Ylide

Figure 3. UV−vis (left) and fluorescence (right) spectra.

Table 2. Absorption and Emission Dataa

3aa 3aj 3ae 3ai 3ia 3ga

λabs (nm) 341 344 344 342 343 353
ε342 nm
(L mol−1cm−1)

7726 8048 7817 6870 7959 7744

λem (nm) 464 485 468 462 465 471
Stokes shift (cm−1) 7773 8451 7702 7595 7649 7097
aSolvent of all samples was DCM.

Scheme 3. Control Experiments

Scheme 4. Proposed Mechanism

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b00119
Org. Lett. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00119
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b00119
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b00119/suppl_file/ol8b00119_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1823329&id=doi:10.1021/acs.orglett.8b00119
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:jiangcheng@cczu.edu.cn
http://orcid.org/0000-0002-9974-6456
http://orcid.org/0000-0003-2580-1616
http://dx.doi.org/10.1021/acs.orglett.8b00119


Center for financial supports. S.S. thanks the Young Natural
Science Foundation of Jiangsu Province (BK20150263) for
financial support.

■ REFERENCES
(1) Reviews on ortho-selectivity: (a) Della Ca, N.; Fontana, M.;
Motti, E.; Catellani, M. Acc. Chem. Res. 2016, 49, 1389. (b) Minami,
Y.; Hiyama, T. Acc. Chem. Res. 2016, 49, 67. (c) Zheng, Q.-Z.; Jiao, N.
Tetrahedron Lett. 2014, 55, 1121. (d) Martins, A.; Mariampillai, B.;
Lautens, M. Top. Curr. Chem. 2009, 292, 1−33. (e) Kakiuchi, F.;
Murai, S. Acc. Chem. Res. 2002, 35, 826.
(2) Reviews on meta-selectivity: (a) Mihai, M. T.; Genov, G. R.;
Phipps, R. J. Chem. Soc. Rev. 2018, 47, 149. (b) Leitch, J. A.; Frost, C.
G. Chem. Soc. Rev. 2017, 46, 7145. (c) Davis, H. J.; Genov, G. R.;
Phipps, R. J. Angew. Chem., Int. Ed. 2017, 56, 13351. (d) Mihai, M. T.;
Phipps, R. J. Synlett 2017, 28, 1011. (e) Zhang, X.; Chung, L.; Wu, Y.-
D. Acc. Chem. Res. 2016, 49, 1302. (f) Ye, J.; Lautens, M. Nat. Chem.
2015, 7, 863. (g) Truong, T.; Daugulis, O. Angew. Chem., Int. Ed. 2012,
51, 11677. (h) Zhou, Y.; Zhao, J.; Liu, L. Angew. Chem., Int. Ed. 2009,
48, 7126.
(3) Reviews on para-selectivity: (a) Leitch, J. A.; McMullin, C. L.;
Paterson, A. J.; Mahon, M. F.; Bhonoah, Y.; Frost, C. G. Angew. Chem.,
Int. Ed. 2017, 56, 15131. (b) Dey, A.; Maity, S.; Maiti, D. Chem.
Commun. 2016, 52, 12398. (c) Yu, D.-G.; de Azambuja, F.; Glorius, F.
Angew. Chem., Int. Ed. 2014, 53, 7710.
(4) (a) Lu, Q.; Gressies, S.; Cembellin, S.; Klauck, F. J. R.; Daniliuc,
C. G.; Glorius, F. Angew. Chem., Int. Ed. 2017, 56, 12778. (b) Mandal,
A.; Sahoo, H.; Dana, S.; Baidya, M. Org. Lett. 2017, 19, 4138.
(c) Wang, Q.; Zheng, N. ACS Catal. 2017, 7, 4197. (d) Kuai, C.;
Wang, L.; Li, B.; Yang, Z.; Cui, X. Org. Lett. 2017, 19, 2102. (e) Xie, F.;
Yu, S.; Qi, Z.; Li, X. Angew. Chem., Int. Ed. 2016, 55, 15351.
(f) Bouisseau, A.; Gao, M.; Willis, M. C. Chem. - Eur. J. 2016, 22,
15624. (g) Pati, K.; dos Passos Gomes, G.; Alabugin, I. V. Angew.
Chem., Int. Ed. 2016, 55, 11633. (h) Li, B.; Xu, H.; Wang, H.; Wang, B.
ACS Catal. 2016, 6, 3856. (i) Pati, K.; dos Passos Gomes, G.; Harris,
T.; Hughes, A.; Phan, H.; Banerjee, T.; Hanson, K.; Alabugin, I. V. J.
Am. Chem. Soc. 2015, 137, 1165. (j) Zhang, F.; Spring, D. R. Chem.
Soc. Rev. 2014, 43, 6906. (k) Huang, C.-H.; Chattopadhyay, B.;
Gevorgyan, V. J. Am. Chem. Soc. 2011, 133, 12406. (l) Ma, W.;
Gandeepan, P.; Li, J.; Ackermann, L. Org. Chem. Front. 2017, 4, 1435.
(5) (a) Hong, K.; Park, H.; Yu, J.-Q. ACS Catal. 2017, 7, 6938.
(b) Zhu, R.-Y.; Liu, L.-Y.; Yu, J.-Q. J. Am. Chem. Soc. 2017, 139, 12394.
(c) Zhao, Q.; Poisson, T.; Pannecoucke, X.; Besset, T. Synthesis 2017,
49, 4808. (d) Hu, W.; Zheng, Q.; Sun, S.; Cheng, J. Chem. Commun.
2017, 53, 6263. (e) Xu, J.; Liu, Y.; Wang, Y.; Li, Y.; Xu, X.; Jin, Z. Org.
Lett. 2017, 19, 1562. (f) Chen, X.-Y.; Ozturk, S.; Sorensen, E. J. Org.
Lett. 2017, 19, 1140. (g) Ye, J.; Shi, Z.; Sperger, T.; Yasukawa, Y.;
Kingston, C.; Schoenebeck, F.; Lautens, M. Nat. Chem. 2017, 9, 361.
(h) Yang, K.; Li, Q.; Liu, Y.; Li, G.; Ge, H. J. Am. Chem. Soc. 2016, 138,
12775. (i) Piou, T.; Rovis, T. Nature 2015, 527, 86. (j) Gandeepan, P.;
Ackermann, L. Chem. 2018, 4, 199.
(6) (a) Wei, X.; Zhao, M.; Du, Z.; Li, X. Org. Lett. 2011, 13, 4636.
(b) Li, J.; Tang, M.; Zang, L.; Zhang, X.; Zhang, Z.; Ackermann, L.
Org. Lett. 2016, 18, 2742. (c) Guimond, N.; Fagnou, K. J. Am. Chem.
Soc. 2009, 131, 12050. (d) Cheng, Y.; Bolm, C. Angew. Chem., Int. Ed.
2015, 54, 12349. (e) Chu, H.; Xue, P.; Yu, J.-T.; Cheng, J. J. Org.
Chem. 2016, 81, 8009. (f) Wang, H.; Grohmann, C.; Nimphius, C.;
Glorius, F. J. Am. Chem. Soc. 2012, 134, 19592. (g) Zhao, D.; Lied, F.;
Glorius, F. Chem. Sci. 2014, 5, 2869. (h) Chuang, S.-C.; Gandeepan,
P.; Cheng, C.-H. Org. Lett. 2013, 15, 5750.
(7) (a) Xie, Y.; Chen, X.; Liu, X.; Su, S.-J.; Li, J.; Zeng, W. Chem.
Commun. 2016, 52, 5856. (b) Xia, Y.-Q.; Dong, L. Org. Lett. 2017, 19,
2258.
(8) Song, G.; Chen, D.; Pan, C.-L.; Crabtree, R. H.; Li, X. J. Org.
Chem. 2010, 75, 7487.
(9) Burtoloso, A. C. B.; Dias, R. M. P.; Leonarczyk, I. A. Eur. J. Org.
Chem. 2013, 2013, 5005−5016.

(10) Lu, L.-Q.; Li, T.-R.; Wang, Q.; Xiao, W.-J. Chem. Soc. Rev. 2017,
46, 4135.
(11) (a) Mangion, I. K.; Weisel, M. Tetrahedron Lett. 2010, 51, 5490.
(b) Molinaro, C.; Bulger, P. G.; Lee, E. E.; Kosjek, B.; Lau, S.;
Gauvreau, D.; Howard, M. E.; Wallace, D. J.; O’Shea, P. D. J. Org.
Chem. 2012, 77, 2299. (c) Phelps, A. M.; Chan, V. S.; Napolitano, J.
G.; Krabbe, S. W.; Schomaker, J. M.; Shekhar, S. J. Org. Chem. 2016,
81, 4158.
(12) Selected reviews for Rh-catalyzed C−H activation/annulation:
(a) Satoh, T.; Miura, M. Chem. - Eur. J. 2010, 16, 11212. (b) Colby, D.
A.; Tsai, A. S.; Bergman, P. G.; Ellman, J. A. Acc. Chem. Res. 2012, 45,
814. (c) Song, G.; Li, X. Acc. Chem. Res. 2015, 48, 1007. (d) Gensch,
T.; Hopkinson, M. N.; Glorius, F.; Wencel-Delord, J. Chem. Soc. Rev.
2016, 45, 2900. (e) Yang, Y.; Li, K.; Cheng, Y.; Wan, D.; Li, M.; You, J.
Chem. Commun. 2016, 52, 2872.
(13) Selected examples: (a) Morita, T.; Satoh, T.; Miura, M. Org.
Lett. 2017, 19, 1800. (b) Han, Q.; Guo, X.; Tang, Z.; Su, L.; Yao, Z.;
Zhang, X.; Lin, S.; Xiang, S.-C.; Huang, Q. Adv. Synth. Catal. 2018,
360, 1. (c) Wu, X.; Sun, S.; Xu, S.; Cheng, J. Adv. Synth. Catal. 2018,
DOI: 10.1002/adsc.201701331. (d) Zhang, G.-T.; Dong, L. Asian J.
Org. Chem. 2017, 6, 812.
(14) Barday, M.; Janot, C.; Halcovitch, N. R.; Muir, J.; Aïssa, C.
Angew. Chem., Int. Ed. 2017, 56, 13117.
(15) (a) Xu, Y.; Zhou, X.; Zheng, G.; Li, X. Org. Lett. 2017, 19, 5256.
(b) Xu, Y.; Yang, X.; Zhou, X.; Kong, L.; Li, X. Org. Lett. 2017, 19,
4307. (c) Zheng, G.; Tian, M.; Xu, Y.; Chen, X.; Li, X. Org. Chem.
Front. 2018, DOI: 10.1039/C7QO01033H. (d) Xu, Y.; Zheng, G.;
Yang, X.; Li, X. Chem. Commun. 2018, 54, 670.

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b00119
Org. Lett. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1002/adsc.201701331
http://dx.doi.org/10.1039/C7QO01033H
http://dx.doi.org/10.1021/acs.orglett.8b00119

