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Abstract 
During the last ten years, cyclopentadienyl rhodium 

complexes have been extensively used for the C–H activation of 
aromatic compounds with various directing groups. However, the 
application of chiral rhodium catalysts for such enantioselective 
transformations has long remained an underdeveloped area. In 
this short review, we highlight recent results that demonstrate 
high potential of this field. In particular, we provide a 
comparative analysis of the available chiral rhodium complexes 

and their performances in the catalytic enantioselective 
annulation of aryl hydroxamic acids with alkenes. The current 
limitations and objectives for further development are also 
discussed. 
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1. Introduction 

Transition-metal-catalyzed functionalization of C–H bonds, 

including enantioselective transformations, has attracted a lot of 

attention over the past decade [1]. In recent years, 

cyclopentadienyl rhodium complexes have been extensively 

used for the C–H activation of aromatic compounds with various 

directing groups [2]. They have opened new, direct pathways for 

synthesis of valuable molecules, such as drugs [3], polycyclic 

compounds, and fluorophores [4]. Although most of the research 

has been concerned with commercially available catalyst 

[(C5Me5)RhCl2]2, considerable attention has been also paid to 

the complexes with other cyclopentadienyl ligands, which 

provide a control over the selectivity of various transformations 

[5]. Despite the high potential, the corresponding 

enantioselective transformations have been studied to a much 

lesser extent because of the limited number of accessible and 

efficient chiral Rh(III) catalysts, on the one hand, and a limited 

understanding of the chiral induction process in these reactions, 

on the other hand [6]. This field has been highlighted in several 

recent reviews; the last one was published in 2017 [1, 6]. This 

short review focuses on the latest advances with special 

emphasis on the synthesis of chiral rhodium catalysts and their 

applications for a particular reaction, namely, the formation of 

dihydroisoquinolones from aryl hydroxamic acids and alkenes. 

Such focus allows for the benchmarking and direct comparison 

of various catalysts. 

2. Achiral synthesis of dihydroisoquino-

lones via rhodium-catalyzed CH-activation 

In 2011 Fagnou et al. [7] and Glorius et al. [8] 

independently showed that [(C5Me5)RhCl2]2 promotes the 

reaction of aryl hydroxamates 1 with alkenes 2 to give isomeric 

dihydroisoquinolones 3 and 4 (Scheme 1). In this process, a 

hydroxamic acid moiety CONHOR acts both as a directing 

group for the catalyst, which controls the regioselectivity of CH-

activation [9], and as an internal oxidant, which regenerates the 

active Rh(III) species. In the proposed catalytic cycle [7], the 

first step involves the coordination of starting hydroxamate 1 

with Rh(III) catalyst I, affording intermediate II. Then, the 

carboxylate-assisted concerted metalation–deprotonation results 

in metallacyclic intermediate IV. The subsequent coordination 

of an olefin leads to species V, and the migratory insertion of the 

alkene into the C–Rh bond produces seven-membered 

metalacycle VI. Finally, the reductive elimination leads to the 

formation of the C–N bond of product VII, and the reoxidation 

of the catalytic species from Rh(I) to Rh(III) occurs via cleavage 

of the N−O bond [7]. The details of this last step are not fully 

clear yet; some researchers assume the involvement of Rh(V) 

intermediates [10]. 

The coordination of the olefin by rhodium with formation of 

fluxional intermediate V is believed to be a regio- and 

enantiodetermining step of the catalytic cycle. The 

regioselectivity of the olefin association is controlled both by the 

steric bulk of the Cp moiety and N–Ox substituent [5a, 5d, 11]. 

Classical catalyst [(C5Me5)RhCl2]2 selectively provides 3-

substituted products 3 only if styrenes, acrylic esters [7, 8], 

dimethylallylamine, or acrolein diethyl acetal [12] are used as 

alkenes. At the same time, the reactions of aryl hydroxamates 

with simple alkyl-substituted terminal alkenes have very low  
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Scheme 1 

regioselectivities, while the more hindered 1,1- or 1,2-

disubstituted alkenes do not react at all. The access to opposite 

4-substituted product isomer 4 is limited [13]. 

In order to gain control over the selectivity of the reaction, 

various substrates and rhodium catalysts have been tested. 

Recently, Rovis [5a], Patman [14], and our group [11] have 

shown that the catalysts with sterically demanding 

cyclopentadienyl ligands provide 4-substituted 

dihydroisoquinolones (4) with high regioselectivity. However, 

achieving both the regio- and enantioselective transformation 

with the same catalyst is challenging. Therefore, to avoid the 

formation of complex mixtures of regioisomers, the 

enantioselective versions of this reaction have been mostly 

studied for styrenes, acrylates, and symmetrically substituted 

strained alkenes. 

3. Chiral rhodium catalysts 

The asymmetric reaction requires a suitable chiral Rh(III) 

catalyst. Since all three coordination sites of the (C5R5)Rh 

fragment are occupied during the catalytic cycle [15], the chiral 

moiety can be placed only in the cyclopentadienyl ligand. In 

2012 Ward and Rovis et al. [16a] and Cramer and co-workers 

[17, 18] have reported the first examples of enantioselective 

reactions of hydroxamic acids with alkenes. Ward and Rovis et 

al. have used a achiral rhodium catalyst with a biotin tag in 

combination with the biochemically engineered streptavidin 

proteins. The chiral environment has been created by binding 

streptavidin to the biotin fragment (Scheme 2). In this 

supramolecular assembly, a sort of artificial metalloenzyme is 

created. A specific engineered glutamic acid residue of the 

streptavidin acts as the carboxylate cofactor for the carboxylate-

assisted CH-activation step of the reaction. Due to the 

regioselectivity problems mentioned above, the reaction scope is 

limited to electron-withdrawing alkenes, such as acrylates, 

which produce 3-substituted dihydroisoquinolones 5a–d in 

yields ranging from 30 to 95% with enantiomeric excesses of 

12–86%. Although the idea is elegant, the methodology faces 

many limitations: the modification of the chiral environment is 

possible only by the molecular biology techniques and is 

probably necessary for each new reaction type. Solubility of the 

substrates and regeneration of the catalyst may also be 

problematic. 

At the same time, the Cramer group has developed [17] a 

series of mannitol-derived cyclopentadienyl ligands with C2 

symmetry and used their rhodium(I) complexes for asymmetric 

synthesis of dihydroisoquinolones from Boc-substituted 

hydroxamic acid and alkenes with enantiomeric excesses of 

84–93% (Scheme 3). The C2-symmetric Cp ligand creates a 

well-defined chiral pocket and controls the chirality at the metal 

center, although the methyl groups have rather small steric 

influence. In the reaction mixture, the Rh(I) catalyst precursor is 

oxidized to Rh(III) with dibenzoyl peroxide (Scheme 3). The 

use of dibenzoyl peroxide as an oxidant in combination with the 

Rh(I) catalyst precursor is convenient, because it generates an 

exact amount of carboxylate for the concerted metalation–

deprotonation step, in contrast to excess of CsOAc, which is 

typically used in an achiral version of this reaction. Boc-

Protected hydroxamate 6 proved to be superior to other acyl 

derivatives in terms of the enantioselectivity. Additionally, 

virtually traceless decomposition of the released tert-

butylcarbonic acid into tert-butanol and carbon dioxide does not 

increase the acidity of the reaction media, which could slow 

down the reaction. This problem was indeed observed in the 

case of O-pivaloyl-substituted substrates, where an equimolar 

amount of PivOH is formed in the course of the reaction. 

More recently Cramer et al. [19] developed a mild protocol 

for in situ generation of chiral Rh catalysts in the reaction 

mixture using the C2-symmetric Cp ligands, previously reported 

by his group, in combination with [(COD)Rh(OAc)]2 as a Rh(I) 

catalyst precursor (Scheme 4). The enantioselective formation 

 

Scheme 2 
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Scheme 4 

of dihydroisoquinolone 7g by this in situ approach proceeded 

with the yield and enantioselectivity similar to those provided by 

the preformed cyclopentadienyl rhodium catalyst. This 

methodology allows one to modify a catalyst structure more 

rapidly, which is important for a fast catalyst screening and 

development of novel enantioselective transformations. 

Although mannitol-derived cyclopentadienyl complexes 

were effective for the target reaction, the stereoinducing ability 

of these ligands was not sufficient in many other rhodium-

catalyzed processes [6]. Therefore, Cramer and coworkers have 

developed the binaphthyl-based family of cyclopentadienyl 

ligands (Scheme 5). The rhodium complexes of these ligands 

were successfully employed in a closely related transformation 

of annulation of aryl hydroxamates with allenes [18]. Somewhat 

lengthy preparations of these cyclopentadienyl ligands [20] still 

limit their widespread application in organic synthesis. 

Very recently Cramer et al. have reported the application of 

this ligand family for the synthesis of chiral cobalt (III) 

complexes [21]. These new complexes catalyze the annulation 

of N-chlorobenzamides with alkenes, giving 

dihydroisoquinolones 10 with impressive enantiomeric excesses 

up to 99% and high regioselectivities (Scheme 6). To the best of 

our knowledge, this is the first and the only one example of an 

asymmetric transformation catalyzed by chiral Cpx cobalt(III) 

complexes. The observed values of enantio- and 

regioselectivities outperform those provided by the 

corresponding rhodium(III)-based methods for this reaction 

type, presumably, because of the shorter Co–ligand distances, 

which results in the more effective steric control. The use of 

HFIP as a solvent allowed the authors to avoid harsh conditions 

(elevated temperatures and high catalyst loadings), which are 

typically used in many other cobalt-catalyzed reactions [22]. 

Noteworthy, challenging substrates, such as alkyl alkenes, also 

react with high regio- and enantioselectivities, producing 3-

substituted dihydroisoquinolones 10d,e. This promising results 

show great potential for the development of other cobalt-

catalyzed enantioselective reactions. 

In 2017 Antonchick, Waldmann and co-workers described 

the synthesis of a large series of rhodium complexes with new 

chiral cyclopentadienyl ligands (JasCp), which were obtained by 

the catalytic enantioselective cycloadditions of imino esters to 

fulvenes (Scheme 7) [23]. These complexes have been applied 

in the reaction of aryl hydroxamates with alkenes. Various 

styrenes, even those with the heterocyclic substituents, are 

tolerated in this enantioselective transformation. Desired 3-

substituted products 10 were obtained in 50–93% yields and 

with enantiomeric excesses of 87–93%. The chiral JasCp ligands 

can be synthesized in three steps on a gram scale from 

commercially available starting materials, and their structures 

can be adjusted by means of flexible enantioselective [6+3]-

cycloaddition reactions. However, the procedures are somewhat 

complicated; for example, the final purification of the ligands is 

 

Scheme 5 

 

Scheme 6 
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Scheme 7 

often carried out by chiral preparative HPLC. The coordination 

of rhodium sometimes occurred on both sides of the optically 

pure cyclopentadienyl ligand, giving a mixture of two 

diastereomeric complexes. These are apparently unstable in 

solution on air, so they have been separated by column 

chromatography under inert atmosphere at –40 °C. Despite these 

complications, recently Antonchik and coworkers used rhodium 

complexes with JasCp ligands for the enantioselective synthesis 

of axially chiral 4-arylisoquinolones from aryl hydroxamates 

tethered with naphthyl-substituted alkynes [24]. 

In 2018 we developed [25] new planar-chiral rhodium 

catalyst [(C5H2
tBu2CH2

tBu)RhI2]2 (14-R, Scheme 8) with the 

sterically demanding cyclopentadienyl ligand, which can be 

obtained starting from commercially available [(cod)RhCl]2 and 

tert-butylacetylene. The route for synthesis of catalyst 14-R is 

based on [2+2+1]-cyclotrimerization of tert-butylacetylene in 

the metal coordination sphere with formation of a fulvene [26]. 

Subsequent addition of a hydride to the coordinated fulvene 

converted it into the substituted cyclopentadienyl ligand, and, 

finally, the oxidation with I2 gave desired catalyst 

[(C5H2
tBu2CH2

tBu)RhI2]2. Pure enantiomers of the catalyst were 

obtained by separation of its diastereomeric adducts with natural 

proline. Apart from the simple synthesis, this approach has two 

strategic advantages: 1) it gives access to complexes with planar 

chirality, which cannot be obtained from free chiral 

cyclopentadienyl ligands; 2) it simultaneously gives both 

enantiomers of the catalyst. Noteworthy, despite the success of 

planar-chiral complexes in other catalytic reactions [27], 

apparently, before this work they have not been used for 

enantioselective CH-activation. Possible addition of other 

nucleophiles to fulvene complex (±)-11 provides an opportunity 

for modification of the catalyst structure, but, except for the only 

one example [25], the modification of this catalyst has not been 

reported yet. 

Catalyst 14-R promoted the enantioselective reaction of aryl 

hydroxamic acids with strained alkenes, giving 

dihydroisoquinolones in high yields (up to 97%) with good 

 

 

stereoselectivities (up to 95% ee) (Scheme 9). The selectivity of  

annulation of hydroxamates with olefins in the presence of 14-R 

can be explained by the less hindered approach of an alkene to 

one of the sides of the proposed metallacyclic intermediate (Fig. 

1) [5d, 7]. 

On the other hand, acyclic terminal alkenes reacted 

smoothly with the Boc derivative of 15 to give 4-substituted 

dihydroisoquinolones 16k–m in excellent yields of 89–97% and 

with high regioselectivities (>15:1; Scheme 9). However, the 

enantioselectivities were moderate in this case (45–47% ee), 

apparently because of insufficient steric interactions between the 

incoming alkene and the cyclopentadienyl ligand. 

 

Scheme 8 

 

Figure 1 

4. Conclusions 

In overall, among all the ligand families developed so far, 

Cramer's C2-symmetrical cyclopentadienes seem to be the most 

promising class, despite their somewhat lengthy preparation. 

Other ligands were used in a small number of reactions and 

further research is needed to clarify their potential. The most 

general problem, however, is an insufficient understanding of 

the correlation between the ligand structure and the 

enantioselectivity of the CH-activation reactions. 

In this short review, we have highlighted recent 

developments regarding the synthesis of chiral rhodium catalysts 

and their increasing importance as tools for asymmetric 

catalysis. We hope this record serves not only to introduce 

readers to this emerging field, but also to inspire future research 

efforts towards the synthesis of novel chiral catalysts with 

cyclopentadienyl ligands. 
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Scheme 9 
a prepared from isolated Boc-derivative of acid; 

the yields are given for the second (catalytic) step 

Acknowledgements 

This work was supported by the Russian Science 

Foundation, project no. 17-73-20144, and the Ministry of 

Science and Higher Education of the Russian Federation. 

Corresponding author 

* E-mail: trievgenia@gmail.com (E. A. Trifonova) 

References 

1. C. G. Newton, S.-G. Wang, C. C. Oliveira, N. Cramer, Chem. 

Rev., 2017, 117, 8908–8976. DOI: 10.1021/acs.chemrev.6b00692 

2. (a) G. Song, X. Li, Acc. Chem. Res., 2015, 48, 1007–1020. DOI: 

10.1021/acs.accounts.5b00077; (b) G. Song, F. Wang, X. Li, 

Chem. Soc. Rev., 2012, 41, 3651–3678. DOI: 

10.1039/C2CS15281A; (c) J. Wencel-Delord, F. W. Patureau, F. 

Glorius, Top. Organomet. Chem., 2016, 55, 1–27. DOI: 

10.1007/3418_2015_140 

3. C. W. Murray, D. C. Rees, Angew. Chem., Int. Ed., 2016, 55, 

488–492. DOI: 10.1002/anie.201506783 

4. (a) J. H. Kim, T. Gensch, D. Zhao, L. Stegemann, C. A. Strassert, 

F. Glorius, Angew. Chem., Int. Ed., 2015, 54, 10975–10979. DOI: 

10.1002/anie.201504757; (b) Q. Ge, Y. Hu, B. Li, B. Wang, Org. 

Lett., 2016, 18, 2483–2486. DOI: 10.1021/acs.orglett.6b01055; 

(c) M. V. Pham, N. Cramer, Angew. Chem., Int. Ed., 2014, 53, 

3484–3487. DOI: 10.1002/anie.201310723 

5. (a) T. K. Hyster, D. M. Dalton, T. Rovis, Chem. Sci., 2015, 6, 

254–258. DOI: 10.1039/C4SC02590C; (b) N. Semakul, K. E. 

Jackson, R. S. Paton, T. Rovis, Chem. Sci., 2017, 8, 1015–1020. 

DOI: 10.1039/C6SC02587K; (c) T. Piou, F. Romanov-

Michailidis, M. Romanova-Michaelides, K. E. Jackson, N. 

Semakul, T. D. Taggart, B. S. Newell, C. D. Rithner, R. S. Paton, 

T. Rovis, J. Am. Chem. Soc., 2017, 139, 1296–1310. DOI: 

10.1021/jacs.6b11670; (d) M. D. Wodrich, B. Ye, J. F. Gonthier, 

C. Corminboeuf, N. Cramer, Chem. Eur. J., 2014, 20, 15409–

15418. DOI: 10.1002/chem.201404515; (e) S. Y. Hong, J. Jeong, 

S. Chang, Angew. Chem., Int. Ed., 2017, 56, 2408–2412. DOI: 

10.1002/anie.201612559 

6. (a) B. Ye, N. Cramer, Acc. Chem. Res., 2015, 48, 1308–1318. 

DOI: 10.1021/acs.accounts.5b00092; (b) C. G. Newton, D. 

Kossler, N. Cramer, J. Am. Chem. Soc., 2016, 138, 3935–3941. 

DOI: 10.1021/jacs.5b12964 

7. N. Guimond, S. I. Gorelsky, K. Fagnou, J. Am. Chem. Soc., 2011, 

133, 6449–6457. DOI: 10.1021/ja201143v 

8. S. Rakshit, C. Grohmann, T. Besset, F. Glorius, J. Am. Chem. 

Soc., 2011, 133, 2350–2353. DOI: 10.1021/ja109676d 

9. R.-Y. Zhu, M. E. Farmer, Y.-Q. Chen, J.-Q. Yu, Angew. Chem., 

Int. Ed., 2016, 55, 10578–10599. DOI: 10.1002/anie.201600791 

10. S. Vásquez-Céspedes, X. Wang, F. Glorius, ACS Catal., 2018, 8, 

242–257. DOI: 10.1021/acscatal.7b03048 

11. E. A. Trifonova, N. M. Ankudinov, M. V. Kozlov, M. Y. 

Sharipov, Y. V. Nelyubina, D. S. Perekalin, Chem. Eur. J., 2018, 

24, 16570–16575. DOI: 10.1002/chem.201804050 

12. N. Palmer, T. M. Peakman, D. Norton, D. C. Rees, Org. Biomol. 

Chem., 2016, 14, 1599–1610. DOI: 10.1039/C5OB02461G 

13. M. Presset, D. Oehlrich, F. Rombouts, G. A. Molander, Org. 

Lett., 2013, 15, 1528–1531. DOI: 10.1021/ol400307d 

14. J. S. Barber, S. Scales, M. Tran-Dubé, F. Wang, N. W. Sach, L. 

Bernier, M. R. Collins, J. Zhu, I. J. McAlpine, R. L. Patman, Org. 

Lett., 2019, 21, 5689–5693. DOI: 10.1021/acs.orglett.9b02029 

15. L. Xu, Q. Zhu, G. Huang, B. Cheng, Y. Xia, J. Org. Chem., 2012, 

77, 3017–3024. DOI: 10.1021/jo202431q 

16. (a) T. K. Hyster, L. Knörr, T. R. Ward, T. Rovis, Science, 2012, 

338, 500–503. DOI: 10.1126/science.1226132; for the related 

transformation, see: (b) I. S. Hassan, A. N. Ta, M. W. Danneman, 

N. Semakul, M. Burns, C. H. Basch, V. N. Dippon, B. R. 

McNaughton, T. Rovis, J. Am. Chem. Soc., 2019, 141, 4815–

4819. DOI: 10.1021/jacs.9b01596 

17. B. Ye, N. Cramer, Science, 2012, 338, 504–506. DOI: 

10.1126/science.1226938 

18. B. Ye, N. Cramer, J. Am. Chem. Soc., 2013, 135, 636–639. DOI: 

10.1021/ja311956k 

19. B. Audic, M. D. Wodrich, N. Cramer, Chem. Sci., 2019, 10, 781–

787. DOI: 10.1039/C8SC04385J 

20. C. Duchemin, G. Smits, N. Cramer, Organometallics, 2019, 38, 

3939–3947. DOI: 10.1021/acs.organomet.9b00365 

21. K. Ozols, Y.-S. Jang, N. Cramer, J. Am. Chem. Soc., 2019, 141, 

5675–5680. DOI: 10.1021/jacs.9b02569 

22. For reviews, see: (a) D. A Loginov, L. S. Shul'pina, D. V. 

Muratov, G. B. Shul'pin, Coord. Chem. Rev., 2019, 387, 1–31. 

DOI: 10.1016/j.ccr.2019.01.022; (b) T. Yoshino, S. Matsunaga, 

Asian J. Org. Chem., 2018, 7, 1193–1205. DOI: 

10.1002/ajoc.201800195; (c) S. Prakash, R. Kuppusamy, C.-H. 

Cheng, ChemCatChem, 2018, 10, 683–705. DOI: 

10.1002/cctc.201701559 

23. Z.-J. Jia, C. Merten, R. Gontla, C. G. Daniliuc, A. P. Antonchick, 

H. Waldmann, Angew. Chem., Int. Ed., 2017, 56, 2429–2434. 

DOI: 10.1002/anie.201611981 

24. G. Shan, J. Flegel, H. Li, C. Merten, S. Ziegler, A. P. 

Antonchick, H. Waldmann, Angew. Chem., Int. Ed., 2018, 57, 

14250–14254. DOI: 10.1002/anie.201809680 

25. E. A. Trifonova, N. M. Ankudinov, A. A. Mikhaylov, D. A. 

Chusov, Y. V. Nelyubina, D. S. Perekalin, Angew. Chem., Int. 

Ed., 2018, 57, 7714–7718. DOI: 10.1002/anie.201801703 

26. This reaction was briefly described previously, but no 

experimental procedure was given: G. Moran, M. Green, A. G. 

Orpen, J. Organomet. Chem., 1983, 250, c15–c20. DOI: 

10.1016/0022-328X(83)85086-4 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 
 129 

E. A. Trifonova and D. S. Perekalin, INEOS OPEN, 2019, 2 (4), 124–129 

27. For recent examples of application of planar-chiral half-sandwich 

platinum metal complexes with cyclopentadienyl ligands in 

catalysis, see: (a) Y. Ishido, N. Kanbayashi, T. Okamura, K. 

Onitsuka, Macromolecules, 2017, 50, 5301–5307. DOI: 

10.1021/acs.macromol.7b01426; (b) N. Kanbayashi, K. Hosoda, 

M. Kato, K. Takii, T.-a. Okamura, K. Onitsuka, Chem. Commun., 

2015, 51, 10895–10898. DOI: 10.1039/C5CC02414E; (c) N. 

Kanbayashi, K. Onitsuka, J. Am. Chem. Soc., 2010, 132, 1206–

1207. DOI: 10.1021/ja908456b; (d) Y. Matsushima, K. Onitsuka, 

T. Kondo, T. Mitsudo, S. Takahashi, J. Am. Chem. Soc., 2001, 

123, 10405–10406. DOI: 10.1021/ja016334l; for the reviews on 

other planar-chiral catalysts, see: (e) G. C. Fu, Acc. Chem. Res., 

2000, 33, 412–420. DOI: 10.1021/ar990077w; (f) A. H. 

Hoveyda, J. P. Morken, Angew. Chem., Int. Ed., 1996, 35, 1262–

1284. DOI: 10.1002/anie.199612621 


