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Enantioselective Formal C(sp3)-H Bond Activation in the 

Synthesis of Bioactive Spiropyrazolone Derivatives 

Houhua Li,[a] Rajesh Gontla,[a] Jana Flegel,[a,b] Christian Merten,[c] Slava Ziegler,[a] Andrey P. 

Antonchick,*[a,b] and Herbert Waldmann*[a,b] 

 

Abstract: Herein we report the first enantioselective annulation of -

arylidene pyrazolones through a formal C(sp3)-H activation under mild 

conditions enabled by highly variable Rh(III)-Cpx catalysts. The 

method has wide substrate scope proceeds with good to excellent 

yields and enantioselectivity. Its synthetic utility was demonstrated by 

late-stage functionalization of drugs and natural products as well as 

preparation of enantioenriched [3]-dendralenes. Preliminary biological 

investigation also identified the spiropyrazolones as a novel class of 

Hedgehog pathway inhibitors. 

Rh(III)-catalyzed C-H bond activation followed by an annulation 

reaction with alkynes using cyclopentadienyl (Cp) rhodium(III) 

complexes as precatalysts has been explored as a rapid 

approach to construct various heterocycles and carbocycles.[1-4] 

Enantioselective variants have only become possible since the 

introduction of chiral C2-symmetric Cpx ligands by Cramer et al., 

and of an artificial Rh(III)-containing metalloenzyme by Ward and 

Rovis et al.[5-10] Thereafter, You et al. reported the first asymmetric 

annulative dearomatization reaction of β-naphthols with alkynes 

using chiral Rh(III)-Cpx catalysts (Scheme 1a).[7l] In addition, 

carbonyl-directed Rh(III)-catalyzed enantioselective C-H 

activation/spiroannulation reactions have been developed by Lam 

et al. followed by Yu et al.[7h,n] These spiroannulation reactions 

provide unique access to novel classes of enantioenriched 

spirocycles containing all-carbon quaternary centers. Current 

enantioselective variants all include direct activation of aromatic 

C(sp2)-H bonds under relatively demanding reaction conditions 

(Scheme 1a).[7h,l,n] Rh(III)-catalyzed enantioselective 

spiroannulation reactions through activation of alkenyl C(sp2)-H 

and alkyl C(sp3)-H bonds still stand as a great challenge. Relevant 

racemic examples have already been demonstrated recently 

(Scheme 1b).[3a,b,d] 

 

Scheme 1. Enantioselective C-H Activation/Spiroannulation Reactions Using 

Rh(III)-Cpx Catalysts. 

Recently we reported a novel class of piperidine-fused Cpx 

ligands.[10a,11] We envisaged that the above-mentioned 

enantioselective spiroannulation reactions could be steered 

efficiently using our highly variable Rh(III)-Cpx catalysts (Scheme 

1c). Here we describe the first enantioselective annulation of -

arylidene pyrazolones through a formal C(sp3)-H activation under 

mild conditions enabled by Rh(III)-Cpx catalysts.[12] 
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Table 1. Optimization of reaction conditions[a] 

 

Entry Cat. Solvent T (C) Yield (%)[b] ee (%)[c] 

1 3a MeCN 80 56% 69 

2 3a MeCN 23 18% 75 

3 3a MeOH 23 86% 75 

4 3b MeOH 23 46% 81 

5 3c MeOH 23 57% 84 

6 3d MeOH 23 64% 84 

7[d] 3e MeOH 23 82% 86 

8[d] 3e MeOH 0 70% 91 

9[e] 3e MeOH 0 <10 n.d.[f] 

[a] Reaction conditions: 1a (0.15 mmol), 2a (0.10 mol), 3 (5 mol%), Cu(OAc)2 

(2 equiv) in the indicated solvent (4.0 mL), under inert atmosphere unless 

otherwise noted. [b] Isolated yields. [c] Determined by chiral HPLC. [d] Using 

2 equiv of 1a. [e] Under O2 atmosphere. [f] n.d. = not determined. 

Initially, -arylidene pyrazolone (1a) was chosen as model 

substrate (Table 1).[3d,13] The oxidative annulation reaction with 

the nonsymmetrical alkyne (2a) proceeded smoothly at 80 °C 

using 5 mol% of 3a, albeit with only 69% ee (entry 1). Drastically 

reduced reactivity was observed at ambient temperature (entry 2). 

Gratifyingly, upon solvent screening, methanol was found to 

greatly facilitate the annulation reaction at 23 °C with comparable 

enantioselectivity (entry 3). We next screened our highly modular 

and structurally variable Rh(I)-Cpx catalyst library. Compared to 

catalyst 3a and other structurally similar analogues, pseudo C2-

symmetric Cpx ligands 3b-3e proved to be superior in terms of 

induction of enantioselectivity, although slightly lower reactivity 

was observed (entries 4-7). Fine-tuning of catalysts through 

replacement of the 4-fluorophenyl group with a 2-naphthyl 

substituent afforded 3e as most advantageous Rh(I)-Cpx catalyst 

(entry 7). Of note, 3e stands as a new Rh(I)-Cpx catalyst which 

has not been reported before. Finally, the model reaction 

proceeded well at 0 °C and afforded the desired spiropyrazolone 

(4a) with 91% ee (entry 8). The reaction was drastically prohibited 

in the presence of O2 under otherwise identical reaction 

conditions (entry 9).[7l] 

Based on previous reports,[3d] a putative mechanism was 

proposed.[14] A six-membered rhodacycle intermediate is initially 

formed through an enol-directed formal C(sp3)-H activation. In the 

following alkyne insertion step, the C−C bond formation occurs 

preferentially at the alkyne carbon adjacent to the alkyl group, 

thus affords spiropyazolone 4a as a single regioisomer (> 20:1 

r.r.). The absolute configuration of product (4a) was determined 

to be (S) by means of vibrational circular dichroism (VCD) 

spectroscopy.[14] 

 

Scheme 2. Substrate scope of the reaction. Reaction conditions: 1 (0.20 mmol), 

2 (0.10 mol), 3e (5 mol%), Cu(OAc)2 (2 equiv) in MeOH (4.0 mL) at 0 °C under 

inert atmosphere for 72 h. [a] Using 10 mol% of 3e. 

Investigation of the substrate scope using substituted -

arylidene pyrazolones (1a-m) under optimal reaction conditions 
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revealed that both electron-withdrawing and electron-donating 

groups on the ortho-, para-, and meta-position were well tolerated 

and delivered the desired products with good to excellent 

enantioselectivity (Scheme 2, 4a-m). In some cases, the reaction 

outcome was found to be sensitive to the presence of ortho-

substituents presumably due to steric hindrance, and in these 

cases 10 mol% of 3e was required (4g, 4i, 4k). 

Various alkynes (2a-j) were afforded the desired 

spiropyrazolones with enantioselectivities of up to 97% ee 

(Scheme 2, 4n-4y). For the annulation of symmetrical aryl/aryl 

alkynes (4r, 4s) 10 mol% of 3e was specifically required. When a 

more challenging symmetric alkyl/alkyl alkyne was applied, the 

product 4t was formed smoothly, albeit with low enantioselectivity 

(34% ee). Nonetheless, nonsymmetrical alkynes including 

aryl/alkyl (4n-q), vinyl/alkyl (4u, 4v), and heteroaryl/alkyl alkynes 

(4x, 4y) were all excellent reaction partners. Interestingly, when 

1,4-diphenylbutadiyne was tested, mono annulation product (4w) 

was isolated exclusively in 93% ee and no double annulation 

product was detected. Again, for all annulation reactions with 

nonsymmetrical alkynes mentioned above, regioselectivity was 

excellent and only a single regioisomer was detected (> 20:1 r.r.). 

Finally, we performed late-stage functionalization studies of 

drugs and natural product derivatives.[15] As shown in Scheme 3a, 

alkynes were prepared from (R)-(-)-deprenyl (a selective 

Monoamine Oxidase B inhibitor), estrone and (+)--tocopherol 

and then carefully evaluated. To our delight, in all cases we 

obtained exclusively a single diastereoisomer (>95:5 d.r.) upon 

treatment with catalyst 3e. Furthermore, catalyst-directed 

diastereoselective annulation reactions proceeded well, and the 

other diastereoisomers were formed predominantly (>95:5 d.r.) by 

switching the catalyst to ent-3e.[16] 

[3]-Dendralenes have gained widespread attention,[17] as they 

are valuable building blocks for the rapid construction of polycyclic 

frameworks through multiple cycloaddition sequences.[18] To 

further demonstrate the synthetic utility of our annulation reaction, 

we conducted product diversifications through a one-pot allylic 

alcohol oxidation-Wittig reaction of 4a (Scheme 3b).[19] 

Accordingly, a series of unprecedented enantioenriched [3]-

dendralenes was obtained using various Wittig reagents with 

good to excellent yields and enantioselectivity. Of special note, 

the Corey-Fuchs reaction was also compatible with this protocol 

and gave dibromo [3]-dendralene (6g) in 59% isolated yield. Upon 

treatment with PTAD (4-phenyl-1,2,4-triazoline-3,5-dione), further 

diversification of [3]-dendralene (6a) could be realized to afford 

the cycloaddition adduct 7 through Diels-Alder reaction. 

To investigate whether the compound collection modulates 

biological pathways, 72 spiropyrazolones were synthesized and 

subjected to different cell-based screens, including an osteoblast 

differentiation assay that indirectly monitors Hedgehog (Hh) 

signaling activity in pluripotent mouse mesenchymal C3H10T1/2 

cells upon stimulation with purmorphamine.[20] Hh signaling is 

essential for embryonic development and highly important for 

stem cell homeostasis and tissue regeneration.[21,22] Constitutive 

activation of Hh signaling is associated with the development and 

progression of various types of cancer, including 

medulloblastoma and basal cell carcinoma.[22,23] Therefore, novel 

small-molecule modulators of the Hh pathway are in high 

demand.[22] 

 

Scheme 3. Late-stage functionalization and product diversification. [a] Reaction 

conditions: 1 (0.20 mmol), 2 (0.10 mol), 3e or ent-3e (5 mol%), Cu(OAc)2 (2 

equiv) in MeOH (4.0 mL) at 0 °C under inert atmosphere for 72 h. [b] 

Diastereomeric ratios (d.r.) were determined based on 1H NMR analysis of 

crude reaction mixtures. [c] Diastereomeric ratios (d.r.) were determined by 

chiral HPLC. 1,2-DCE = 1,2-dichloroethene. 

Gratifyingly, several spiropyrazolones inhibited osteogenesis 

with half-maximal inhibitory concentrations (IC50) in the low 
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micromolar range, as detected by reduced activity of the 

osteogenic marker alkaline phosphatase.[24] The most potent 

compound 4f inhibited Hh-dependent osteogenesis with a half 

maximal inhibitory concentration (IC50) of 3.6 ± 0.8 µM. To confirm 

the Hh inhibition, compound 4f was additionally characterized in 

an orthogonal, GLI-dependent reporter gene assay using Shh-

LIGHT2 cells.[25] In this assay, compound 4f inhibited the GLI-

dependent expression of the reporter firefly luciferase with an IC50 

of 8.8 ± 0.5 µM.[14] Therefore, the chemotype defined by 

spiropyrazolones defines a structurally novel class of Hedgehog 

pathway inhibitors. 

In summary, we demonstrated the first enantioselective 

annulation of -arylidene pyrazolones through a formal C(sp3)-H 

activation under very mild conditions enabled by highly variable 

Rh(III)-Cpx catalysts. The method gave access to a set of 

structurally diverse spiropyrazolones containing all-carbon 

quaternary centers in high yields and with high enantioselectivity. 

Preliminary biological investigation in different cellular assays led 

to the identification of the spiropyrazolones as a novel class of 

Hedgehog pathway inhibitors. 
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41; c) N. Kuhl, N. Schröder, F. Glorius, Adv. Synth. Catal. 2014, 356, 

1443-1460; d) G. Song, X. Li, Acc. Chem. Res. 2015, 48, 1007-1020; e) 

J. Park, S. Chang, Chem. Asian. J. 2018, 13, 1089-1102; f) A. Peneau, 

C. Guillou, L. Chabaud, Eur. J. Org. Chem. 2018, DOI: 

10.1002/ejoc.201800298. 

[3] For Rh(III)-catalyzed C-H activation/spiroannulation reactions, see: a) A. 

Seoane, N. Casanova, N. Quiñones, J. L. Mascareñas, M. Gulías, J. Am. 

Chem. Soc. 2014, 136, 7607-7610; b) S. Kujawa, D. Best, D. J. Burns, 

H. W. Lam, Chem. Eur. J. 2014, 20, 8599-8602; c) M.-B. Zhou, R. Pi, M. 

Hu, Y. Yang, R.-J. Song, Y. Xia, J.-H. Li, Angew. Chem. 2014, 126, 

11520-11523; Angew. Chem. Int. Ed. 2014, 53, 11338-11341; d) J. 

Zheng, P. Li, M. Gu, A. Lin, H. Yao, Org. Lett. 2017, 19, 2829-2832. 

[4] For other metals, see: a) S. Reddy Chidipudi, I. Khan, H. W. Lam, Angew. 

Chem. 2012, 124, 12281-12285; Angew. Chem. Int. Ed. 2012, 51, 

12115-12119; b) J. D. Dooley, S. Reddy Chidipudi, H. W. Lam, J. Am. 

Chem. Soc. 2013, 135, 10829-10836; c) J. Nan, Z. Zuo, L. Luo, L. Bai, 

H. Zheng, Y. Yuan, J. Liu, X. Luan, Y. Wang, J. Am. Chem. Soc. 2013, 

135, 17306-17309; d) S. Gu, L. Luo, J. Liu, L. Bai, H. Zheng, Y. Wang, 

X. Luan, Org. Lett. 2014, 16, 6132–6135; e) Z. Zuo, X. Yang, J. Liu, J. 

Nan, L. Bai, Y. Wang, X. Luan, J. Org. Chem. 2015, 80, 3349–3356; f) H. 

Zheng, L. Bai, J. Liu, J. Nan, Z. Zuo, L. Yang, Y. Wang, X. Luan, Chem. 

Commun. 2015, 51, 3061-3064. 

[5] a) B. Ye, N. Cramer, Acc. Chem. Res. 2015, 48, 1308-1318; b) C. G. 

Newton, D. Kossler, N. Cramer, J. Am. Chem. Soc. 2016, 138, 3935-

3941; c) S. Motevalli, Y. Sokeirik, A. Ghanem, Eur. J. Org. Chem. 2016, 

1459-1475; d) C. G. Newton, S.-G. Wang, C. C. Oliveira, N. Cramer, 

Chem. Rev. 2017, 117, 8908-8976. 

[6] a) B. Ye, N. Cramer, Science 2012, 338, 504-506; b) T. K. Hyster, L. 

Knӧrr, T. R. Ward, T. Rovis, Science 2012, 338, 500-503. 

[7] For seminal reports by Cramer et al., see: a) B. Ye, N. Cramer, J. Am. 

Chem. Soc. 2013, 135, 636-639; b) B. Ye, P. A. Donets, N. Cramer, 

Angew. Chem. 2014, 126, 517-521; Angew. Chem. Int. Ed. 2014, 53, 

507-511; c) B. Ye, N. Cramer Angew. Chem. 2014, 126, 8030-8033; 

Angew. Chem. Int. Ed. 2014, 53, 7896-7899; d) B. Ye, N. Cramer, Synlett 

2015, 26, 1490-1495; e) M. V. Pham, N. Cramer, Chem. Eur. J. 2016, 22, 

2270-2273; f) Y. Sun, N. Cramer, Angew. Chem. 2017, 129, 370-373; 

Angew. Chem. Int. Ed. 2017, 56, 364-367; g) Y. Sun, N. Cramer, Chem. 

Sci. 2018, 9, 2981-2985. For other reports using Cramer’s chiral 

CpxRh(III) complexes, see: h) S. R. Chidipudi, D. J. Burns, I. Khan, H. W. 

Lam, Angew. Chem. 2015, 127, 14181-14185; Angew. Chem. Int. Ed. 

2015, 54, 13975-13979; i) T. J. Potter, D. N. Kamber, B. Q. Mercado, J. 

A. Ellman, ACS Catal. 2017, 7, 150-153. j) X. Chen, S. Yang, H. Li, B. 

Wang, G. Song, ACS Catal. 2017, 7, 2392-2396; k) T. Li, C. Zhou, X. 

Yan, J. Wang, Angew. Chem. 2018, 130, 4112-4116; Angew. Chem. Int. 

Ed. 2018, 57, 4048-4052. For seminal reports by You et al., see: l) J. 

Zheng, S.-B. Wang, C. Zheng, S.-L. You, J. Am. Chem. Soc. 2015, 137, 

4880-4883; m) J. Zheng, W.-J. Cui, C. Zheng, S.-L. You, J. Am. Chem. 

Soc. 2016, 138, 5242-5245; n) J. Zheng, S.-B. Wang, C. Zheng, S.-L. 

You, Angew. Chem. 2017, 129, 4611-4615; Angew. Chem. Int. Ed. 2017, 

56, 4540-4544. 

[8] E. A. Trifonova, N. M. Ankudinov, A. A. Mikhaylov, D. A. Chusov, Y. V. 

Nelyubina, D. S. Perekalin, Angew. Chem. 2018, 130, 7840-7844; 

Angew. Chem. Int. Ed. 2018, 57, 7714-7718. 

[9] a) S. Satake, T. Kurihara, K. Nishikawa, T. Mochizuki, M. Hatano, K. 

Ishihara, T. Yoshino, S. Matsunaga, Nat. Catal. 2018, 1, 585–591; b) L. 

Lin, S. Fukagawa, D. Sekine, E. Tomita, T. Yoshino, S. Matsunaga, 

Angew. Chem. 2018, 130, 12224-12228; Angew. Chem. Int. Ed. 2018, 

57, 12048-12052. 

[10] a) Z.-J. Jia, C. Merten, R. Gontla, C. G. Daniliuc, A. P. Antonchick, H. 

Waldmann, Angew. Chem. 2017, 129, 2469-2474; Angew. Chem. Int. Ed. 

2017, 56, 2429-2434; b) G. Shan, J. Flegel, H. Li, C. Merten, S. Ziegler, 

A. P. Antonchick, H. Waldmann, Angew. Chem. 2018, DOI: 

10.1002/ange.201809680; Angew. Chem. Int. Ed. 2018, DOI: 

10.1002/anie.201809680. 

[11] a) M. Potowski, J. O. Bauer, C. Strohmann, A. P. Antonchick, H. 

Waldmann, Angew. Chem. 2012, 124, 9650-9654; Angew. Chem. Int. Ed. 

2012, 51, 9512-9516; b) M. Potowski, A. P. Antonchick, H. Waldmann, 

Chem. Commun. 2013, 49, 7800-7802. 

[12] For mild C-H activations, see: a) J. Wencel-Delord, T. Dröge, F. Liu, F. 

Glorius, Chem. Soc. Rev. 2011, 40, 4740-4761; b) T. Gensch, M. N. 

Hopkinson, F. Glorius, J. Wencel-Delord, Chem. Soc. Rev. 2016, 45, 

2900-2936. 

[13] a) S. R. Yetra, S. Mondal, S. Mukherjee, R. G. Gonnade, A. T. Biju, 

Angew. Chem. 2016, 128, 276-280; Angew. Chem. Int. Ed. 2016, 55, 

268-272; b) S. Mondal, S. Mukherjee, S. R. Yetra, R. G. Gonnade, A. T. 

Biju, Org. Lett. 2017, 19, 4367-4370. 

10.1002/anie.201811041

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

[14] See the Supporting information for details. 

[15] T. Cernak, K. D. Dykstra, S. Tyagarajan, P. Vachal, S. W. Krska, Chem. 

Soc. Rev. 2016, 45, 546-576. 

[16] a) S. Masamune, W. Choy, J. S. Petersen, L. R. Sita, Angew. Chem. Int. 

Ed. 1985, 24,1-30; b) A. H. Hoveyda, D. A. Evans, G. C. Fu, Chem. Rev. 

1993, 93, 1307-1370; c) J. Mahatthananchai, A. M. Dumas, J. W. Bode, 

Angew. Chem. 2012, 124, 11114-11152; Angew. Chem. Int. Ed. 2012, 

51, 10954-10990. 

[17] a) H. Hopf, M. S. Sherburn, Angew. Chem. 2012, 124, 2346-2389; 

Angew. Chem. Int. Ed. 2012, 51, 2298-2338; b) H. Wang, B. Beiring, D.-

G. Yu, K. D. Collins, F. Glorius, Angew. Chem. 2013, 125, 12657-12661; 

Angew. Chem. Int. Ed. 2013, 52, 12430-12434. 

[18] a) S. V. Pronin, R. A. Shenvi, J. Am. Chem. Soc. 2012, 134, 19604-

19606; b) C. G. Newton, S. L. Drew, A. L. Lawrence, A. C. Willis, M N. 

Paddon-Row, M. S. Sherburn, Nat. Chem. 2015, 7, 82–86; c) H.-H. Lu, 

S. V. Pronin, Y. Antonova-Koch, S. Meister, E. A. Winzeler, R. A. Shenvi, 

J. Am. Chem. Soc. 2016, 138, 7268-7271. 

[19] X. Wei, R. J. K Taylor, Tetrahedron Lett. 1998, 39, 3815-3818. 

[20] S. Peukert, K. Miller-Moslin, ChemMedChem 2010, 5, 500-512. 

[21] J. Briscoe, P.P. Therond, Nat. Rev. Mol. Cell Biol. 2013, 14, 416-429. 

[22] M. Xin, X. Ji, L. K. De La Cruz, S. Thareja, B. Wang, Med. Res. Rev. 

2018, 38, 870-913. 

[23] P. A. Beachy, S. S. Karhadkar, D. M. Berman, Nature 2004, 432, 324-

331. 

[24] X. Wu, S. Ding, Q. Ding, N. S. Gray, P. G. Schultz, J. Am. Chem. Soc. 

2002, 124, 14520-14521. 

[25] J. Taipale, J. K. Chen, M. K. Cooper, B. Wang, R. K. Mann, L. Milenkovic, 

M. P. Scott, P. A. Beachy, Nature 2000, 406, 1005-1009. 

 

10.1002/anie.201811041

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

 

COMMUNICATION 

The first Rh(III)-catalyzed enantioselective annulation of -arylidene pyrazolones 

through a formal C(sp3)-H activation under very mild conditions was developed 

using a novel chiral Cpx ligand, yielding a novel class of Hedgehog pathway 

inhibitors. 
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