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Abstract: A catalytic, versatile and atom-economical C-H 

functionalization process that provides a wide variety of cyclic 

systems featuring methyl-substituted quaternary stereocenters is 

described. The method relies on the use of a cationic Ir(I)-

bisphosphine catalyst, which promotes a carboxamide-assisted 

activation of an olefinic C(sp
2
)-H bond followed by exo-cyclization to 

a tethered 1,1-disubstituted alkene. The extension of the method to 

aromatic and heteroaromatic C-H bonds, as well as developments 

on an enantioselective variant, are also described. 

The formation of C−C bonds using metal-promoted C−H 

activations represents a very powerful tool in modern synthetic 

chemistry.[1] In this regard, the addition of a C(sp2)–H bond 

across the double bond of an alkene (hydrocarbonation) 

provides one of the most straightforward and atom economical 

approaches to tether simple and readily available precursors.[2] 

Research in this topic has been mainly focused on 

intermolecular couplings, using low-valent transition metal 

catalysts (e.g. RhI, Ru0, Co0 or Ni0), and aromatic or 

heteroaromatic precursors. The reactions usually provide linear 

products, although examples on the selective formation of 

branched systems have also been reported (Scheme 1, eq. 1).[3] 

Mechanistically, these reactions have been proposed to involve 

the formation of metal-hydride species I, that evolve by 

migratory insertion of the alkene to yield regioisomeric 

intermediates of type II (Scheme 1, eq. 1, route a->b). Then, a 

C−C reductive elimination provides the linear and/or branched 

products. Recent data reported for Ir-catalyzed processes 

suggest that an alternative mechanism involving migratory 

insertions into the C−M bond followed by C−H reductive 

elimination of III, might be operative (route c->d).[4]  

Curiously, intramolecular versions of these reactions, which 

are highly attractive from a synthetic point of view, have been far 

less studied. Murai, as well as Ellman and Bergman have 

pioneered such intramolecular processes using pyridines and 

imines as directing groups (DGs), and RhI or Ru0 catalysts.[5] 

Although significant progress has been achieved, most 

examples are limited to (hetero)aromatic precursors and usually 

proceed via endo-selective cyclizations (Scheme 1, eq. 2).[2] To 

the best of our knowledge, only two hydroarylation examples 

proceed with exo selectivity, and are limited to indole 

precursors.[6] Moreover, while these processes allow to build 

products with  tertiary stereocenters; the assembly of highly 

appealing quaternary carbon centers has not been 

demonstrated. An alternative to generate this type of products 

consists of the use of Rh(III) or Ru(II) catalysts,[7] albeit these 

reactions are mechanistically different, requiring a final 

protodemetalation.[8] 

Regardless of the type of mechanism, almost all the above 

cases deal with the activation of aromatic and heteroaromatic 

C(sp2)−H bonds, restricting the type of products that can be 

accessed. Intramolecular examples from non-aromatic 

precursors with C(sp2)−H bonds (i.e. hydroalkenylations) are 

extremely scarce, and limited to a few Rh(I)-promoted 

cyclizations that generate secondary and tertiary stereocenters, 

but not quaternary ones.[9] 
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Scheme 1. Previous metal-catalyzed hydrocarbonation of alkenes & this work. 

Herein, we report a very efficient intramolecular, iridium(I)-

catalyzed hydroalkenylation of 1,1-disubstituted alkenes to give 

synthetically relevant cyclic products equipped with all carbon 

quaternary centers.[10] The method is not restricted to the C−H 

activation of alkenes, being also efficient with (hetero)aromatic 

precursors, thus several types of polycyclic scaffolds can be 

readily assembled. Finally, we also include preliminary results 

on an enantioselective variant, as well as examples on the 

manipulation of the products to give cyclic ketones with -

quaternary carbon centers, products that are not trivially 

assembled by alternative metal-catalyzed protocols.[11,12] 

At the outset, we selected the ,-unsaturated amide 1a as a 

model substrate.[13] After screening different Rh(I) and Ir(I) 

species,[14] we found that the mixture of Ir(cod)2BArF (5 mol%) 

and the electron deficient diphosphine ligand dFppe (5 mol%),[15] 

provides good yields of cyclopentane 2a (Table 1, entry 1). The 

homolog monodentate ligand P(C6F5)3 (10 mol %), gave very 

poor conversions (entry 2), however, other bisphosphines were 

also competent, albeit the yields were lower (entries 3 – 5).[14] 

The complex [Ir(cod)Cl]2 also works, but only when a Ag(I) 

scavenger is added (entries 6 and 7). Importantly, analog Rh(I) 

complexes failed to promote the reaction, leading to complete 

recovery of the starting material (Table S1).[14] The nature of the 

directing group is highly relevant; while the reaction could still be 

carried out with a pyrrolidinamide in lower yield (entry 8), using a 

carboxylic acid or an ester, the reactions do not proceed (Table 

S1).[14] On the other hand, a ketone such as 1c gave mixtures of 

products, from which we could isolate the cyclohexene 3c, 

hypothetically resulting from an endo-cyclization, albeit in low 

yieldponer otra footnote que diga: The reason for the formation 

of endo products is not clear, but might be associated to the 

weaker coordinating ability of the keto with respect to the amide 

group (see mechanism for the formation of the exo product in 

scheme 3). 

 
Table 1. Optimization of the reaction conditions for the hydroalkenylation

[a] 

 

entry 1 R [Ir] (X mol%) L (y mol%) Yield (%)
[b]

 

1 1a NEt2 [Ir(cod)2]BArF (5) d
F
ppe (5) 2a, 91 

2 1a NEt2 [Ir(cod)2]BArF (5) P(C6F5)3 (10) 2a, <5 

3 1a NEt2 [Ir(cod)2]BArF (5) dppe (5) 2a, 32 

4 1a NEt2 [Ir(cod)2]BArF (5) dppb (5) 2a, 62 

5 1a NEt2 [Ir(cod)2]BArF (5) rac-Binap (5) 2a, 80 

6
[c]

 1a NEt2 [Ir(cod)2]BF4 (5) d
F
ppe (5) 2a, 75 

7 1a NEt2 [Ir(cod)Cl]2 (2.5) d
F
ppe (5) 2a, – 

8 1b Pyr [Ir(cod)2]BArF (5) d
F
ppe (5) 2b, 44 

9 1c Me Ir(cod)2BArF (5) d
F
ppe (5) 3c, 32 

[a] Conditions: 1 was added to a solution of complex [Ir] (x mol%) and L (y 

mol%) in dioxane and the mixture was refluxed. [b] Isolated yield. [c] The 

same result was obtained when the catalyst was generated from [Ir(cod)Cl]2 

(2.5 %), d
F
ppe (5 %) and AgBF4 (5 %). d

F
ppe : (C6F5)3P(CH2)2P(C6F5)3 

 

We then analyzed the scope of the process. Other 

substrates of type 1, featuring linear or branched alkyl 

substituents at the internal position of the tethered alkene 

provided the corresponding 5-exo cyclization products 2 with 

yields ranging from 80 to 98% (2d−2g, 2j, Table 2). The 

presence of a phenyl substituent is tolerated, although full 

conversion required heating at 140 ºC in 1,2-DCE (2h, 83% 

yield). Similarly, a substrate with a unsubstituted alkene (R = H, 

1i) was also less reactive, albeit the cyclopentane 2i could still 

be obtained in  45% yield at 140 ºC.[16] Gratifyingly, the method 

also allows the generation of indane and tetrahydronaphthalene 

structures. Thus, the indenes 2k-2n were all obtained in almost 

quantitative yields, while the tetrahydronaphthalene 2o, which is 

the result of a selective 6-exo cyclization, was isolated in 92% 

yield. Similarly, the optimized reaction conditions enable the 

preparation of chromane structures like 2p−2q, or fused tricyclic 

indoles like and 2r−2s, in good yields. Contrary to all the above 

cases, the indole derivatives were obtained as a 1 : 1 Z : E 

mixture. Control experiments suggest that these mixtures are 

the result of an isomerization of the initially formed E-product , 

presumably mediated by the Ir(I) catalyst.[17]  

 
Table 2. Scope of the process. Activation of olefinic C–H bonds

[a]
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[a]
 
Conditions: 1 was added to a solution of [Ir(cod)2]BArF (5 mol%) and 

d
F
ppe (5 mol%) in dioxane, and the mixture was heated under reflux for 19 h. 

Isolated yields. [b] Carried out in 1,2-DCE at 140 ºC (sealed tube). 

 

To further unveil the versatility  of the method, we analyzed 

the performance of the Ir-catalyst in related processes that 

involve the activation of (hetero)aromatic C–H bonds. As can be 

seen in Table 3, the reactions are also efficient and fully exo-

selective. Thus, synthetically relevant dihydrobenzofuranes 

featuring methyl-substituted quaternary stereocenters, like 6a 

and 6b, could be obtained in good yields (Table 3, entries 1 and 

2). On the other hand, dihydropyrrolizine and 

dihydropyrroloindole derivatives (6c and 6d), structural motifs 

that form the basic core of biologically relevant products, are 

also accessible in excellent yields (entries 3 and 4). 

Table 3. Alkylation of (hetero)aromatic C(sp
2
)–H bonds

[a]
 

 

entry 5 6 Conditions Yield
[b]

 

1 

 

R = Me, 5a 

 

6a 1,2-DCE, 100 ºC 82% 

2 R = Et, 5b 6b 1,2-DCE, 100 ºC 90% 

3 

 

5c 

 

6c Dioxane, reflux 95% 

4 

 

5d 

 

6d 1,2-DCE, 140ºC,   99% 

[a] Conditions: 5 was added to a solution of [Ir(cod)2]BArF (5 mol%) and 

dFppe (5 mol%) in the indicated solvent and heated for 12-19 h. [b] Isolated 

yields (6). 

Despite the enormous advances in transformations involving 

C–H activation processes, the number of enantioselective 

variants is still limited.[18] This scarcity is even more evident in 

the case of hydroalkenylation processes, since only one 

example based on a Rh(I) catalyst has been so far reported, and 

is limited to the generation of cyclic systems bearing tertiary 

stereocenters (up to 82% ee).[9b] The only enantioselective 

intramolecular hydrocarbonation process leading to 

enantioriched products with quaternary centers involves the 

activation of aromatic C(sp2)−H bonds (hydroarylation), and the 

use of chiral Cp-Rh(III) complexes.[7b,19,20]  

We carried out a preliminary exploration of an asymmetric 

variant of the process using commercially available chiral 

bisphosphines (Table S2). As a result, we found that three 

structurally different ligands, namely DM−SDP (L1), Duanphos 

(L2) and BTFM−Garphos (L3), allow the product 2a to be 

obtained in moderate to good yields and with enantiomeric ratios 

varying from of 79 : 21 (with L3) to 88 : 12 (with L1, Table 4 

entries 1-3).[14] Interestingly, when using BTFM−Garphos (L3) or 

DM−SDP (L1) as ligands, and BF4
-
 as counterion (instead of 

BArF), the reaction could be carried out efficiently at 80 ºC, 

providing 2a with good yields (90 - 95%, entries 4 and 5) and 

improved enantiomeric ratios (up to 91 : 9). Worth to note, the 

use of halogenated solvents allowed to increase the rate of the 

process, so that the reaction of 1a catalysed by Ir(cod)2BF4 / L3 

(5 %) in CH2Cl2 is complete after 7h at 50 ºC (entry 6). However, 

the enantioselection was not improved (89:11 er). 

The catalyst generated from [Ir(cod)2]BF4 and BTFM−Garphos 

(L3) turned out to be sensitive to the sterics of the alkene moiety. 

Thus, although the cyclization of the isobutyl derivative 1e 

provided the corresponding product 2e with a 95 : 5 er, the 

conversion was of only 10% after 24 h (entry 7). Gratifyingly, the 

use of 1,2-DCE as solvent allowed for full conversion at 80 ºC, 

and the product was isolated in 81% yield and with a good 91 : 9 

er (entry 8). Similarly, the benzyl derivative 1g also required the 

use of 1,2-DCE to obtain a good yield of 2g and, in this case, the 

spiro-diphosphine L1 provided a better er than L3, (83 : 17 er, 

entry 9). Finally,  the scope of the asymmetric process is not 

limited to 1,6-dienes bearing aliphatic tethers, as the catalyst 

formed from [Ir(cod)2]BF4 and DM-SDP (L1) was also able to 

provide the indanes 2l−2n with excellent yields and good er’s, 

varying from 82 : 18 (2l) to 91 : 9 (2m). Overall, and despite the 

enantiomeric ratios shown in Table 4 are not yet ideal, it is worth 

to note that these are the highest values so far reported for a 

transition metal-catalysed hydroalkenylation process. 

Table 4. Preliminary development of an asymmetric variant
[a]

 

 

entry Product (2) L / X Solvent 
Temp 
(ºC) 

Yield 
(%) er 

1 

 

2a L1 / BArF dioxane 101 40 87 : 13 

2 2a L2 / BArF dioxane 101 72 84 : 16 

3 2a L3 / BArF dioxane 101 74 79 : 21 

4
[b,d]

 2a  L1 / BF4 dioxane 80 95 88 : 12 

5
[b]

 2a L3 / BF4 dioxane 80 90 91 : 9 

6
[b,c]

 2a L3 / BF4 CH2Cl2 50 95 89 : 11 

7
[b]

 

 

2e, R = 
i
Bu L3 / BF4 dioxane 80 10 95 : 5 
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[b]

 2e, R = 
i
Bu L3 / BF4 1,2-DCE 80 82 91 : 9 

9
[b,d]

 2g, R = Bn L1 / BF4 dioxane 80 81 83 : 17 

10
[b,d]

 

 

2l, R = 
n
Bu L1 / BF4 dioxane 80 98 82 : 18 

11
[b,d]

 2m, R = 
i
Bu L1 / BF4 dioxane 80 95 91 : 9 

12
[b,d]

 2n, R = CH2Cy L1 / BF4 dioxane 80 90 86 : 14 

[a] 1a was added to a solution of [Ir(cod)2]X (5%) and L (5%) in the solvent 

(125 mM) and the mixture was heated at the indicated temperature for 19 h. 

Isolated yields. [b] Carried out at 250 mM. [c] Carried out in a sealed tube. 

Reaction time: 7 h. [d] Carried out with 10% of catalyst. Reaction time: 48 h. 

 
 

The presence of the exo -unsaturated amide in the products 

brings excellent opportunities for manipulation. Thus, treatment 

with RuCl3 / NaIO4 provide good yields of the ketones 7 

(Scheme 2). The transformation is particularly relevant as this 

type of ketones, bearing -quaternary stereocenters are 

common in biologically relevant products, but cannot be trivially 

assembled using other catalytic methods. Indeed, the transition 

metal-catalysed hydroacylation of alkenes, a well established 

protocol to yield cyclic ketones from an aldehyde C-H activation, 

has not been proven successful for the generation of these 

systems.[11,12] 

 

Scheme 2. Synthetic derivatization of the products 

In consonance with a hydrocarbonation mechanism, the 

deuterated probe D-1t afforded the product D-2t’ (Scheme 3 eq. 

1). Control experiments at lower temperatures indicate that the 

observed isomerization of the terminal double bond occurs in the 

reaction media, after the initial formation of the expected product, 

(2t)[14] Therefore, the most probable scenario involves an initial 

C–H activation to give a Ir-hydride of type I that undergoes a 

selective exo-carbometallation to yield II. An eventual C−H 

reductive elimination provides the product (Scheme 3, eq. 2). An 

alternative migratory insertion consisting on an hydrometallation 

to yield a species such as II’ cannot be discarded, but it might be 

less likely since C–C reductive eliminations on IrIII complexes are 

known to be difficult.[20a] Recent theoretical studies on 

intermolecular Ir-catalyzed hydroarylations also support a 

carbometallation / C-H reductive elimination pathway. Finally, we 

measured the kinetic isotope effect and the resulting value, 

close to 2 (KIE = 1.8), suggests that the cleavage or the 

formation of the C-H bonds influence the reaction rate.[14] 

 
Scheme 3. Mechanistic proposal  

To conclude, we developed the first transition metal 

catalyzed intramolecular hydroalkenylation process that yields 

cyclic products bearing quaternary carbon stereocenters. The 

method is based on a carboxamide-directed Ir-catalyzed 

activation of C(sp2)–H and follows an exo-cyclization pathway. 

The protocol is not restricted alkenyl precursors, but also works 

with (hetero)aromatic systems, allowing the synthesis of a 

variety of cyclic and polycyclic systems bearing quaternary 

stereocenters. Moreover, these products can be easily 

manipulated to obtain synthetically challenging cyclic ketones. 

Finally, we demonstrate the viability of asymmetric variants, 

which provide the highest er’s so far reported for a metal 

catalyzed hydroalkenylation process. 

Acknowledgements 

This work has received financial support from the spanish 

MINECO grants (SAF2016-76689-R, CTQ2016-77047-P), Xunta 

de Galicia (GRC2013-041, 2015-CP082 and Centro Singular de 

Investigación de Galicia accreditation 2016-2019 ED431G/09), 

the ERDF and ERC (Adv. Grant No. 340055). DF thanks the 

MINECO for a fellowship. The Orfeo-Cinqa network CTQ2014-

51912-REDC is kindly acknowledged. 

Keywords: Iridium • C–H activation • hydroarylation • 

hydroalkenylation • asymmetric 

[1] a) P. H. Dixneuf, H. Doucet, C-H Bond Activation and Catalytic 

Functionalization II, Springer, Heidelberg, 2016; b) Z. Chen, B. Wang, J. 

Zhang, W. Yu, Z. Liu, Y. Zhang, Org. Chem. Front. 2015, 2, 1107; c) J. 

Wencel-Delord, F. Glorius, Nat. Chem. 2013, 5, 369; d) C-H Activation 

(Eds.: J.-Q. Yu, L. Ackermann, Z. Shi), Springer, 2010; e) M. Gulías, J. 

L. Mascareñas, Angew. Chem. 2016, 128, 11164; Angew. Chem. Int. 

Ed. 2016, 55, 11000; f) B. M. Trost, M. J. Krische, Synlett 1998, 1998, 1. 

[2] Z. Dong, Z. Ren, S. J. Thompson, Y. Xu, G. Dong, Chem. Rev. 2017, 

DOI: 10.1021/acs.chemrev.6b00574. 

[3] G. E. M. Crisenza, J. F. Bower, Chem. Lett. 2016, 45, 2. 

[4] a) G. Huang, P. Liu, ACS Catal. 2016, 6, 809; b) M. Zhang, G. Huang, 

Dalton Trans. 2016, 45, 3552. 

[5] a) N. Fujii, F. Kakiuchi, A. Yamada, N. Chatani, S. Murai, Bull. Chem. 

Soc. Jpn. 1998, 71, 285; b) K. L. Tan, R. G. Bergman, J. A. Ellman, J. 

Am. Chem. Soc. 2001, 123, 2685; c) R. K. Thalji, K. A. Ahrendt, R. G. 

Bergman, J. A. Ellman, J. Am. Chem. Soc. 2001, 123, 9692.  



COMMUNICATION          

 

 

 

 

[6] a) Z. Ding, N. Yoshikai, Angew. Chem. 2013, 125, 8736; Angew. Chem. 

Int. Ed. 2013, 52, 8574; b) T. Shibata, N. Ryu, H. Takano, Adv. Synth. 

Catal. 2015, 357, 1131. 

[7] a) T. A. Davis, T. K. Hyster, T. Rovis, Angew. Chem. 2013, 125, 14431; 

Angew. Chem. Int. Ed. 2013, 52, 14181; b) B. H. Ye, P. A. Donets, N. 

Cramer, Angew. Chem. 2014, 126, 517; Angew. Chem. Int. Ed. 2014, 

53, 507; c) R. K. Rit, K. Ghosh, R. Mandal, A. K. Sahoo, J. Org. Chem. 

2016, 81, 8552. 

[8] a) D. Lapointe, K. Fagnou, Chem. Lett. 2010, 39, 1118; b) L. 

Ackermann, Chem. Rev. 2011, 111, 1315. 

[9] a) N.Fujii, F. Kakiuchi, N. Chatani, S. Murai, Chem. Lett. 1996, 939; b) 

N. Fujii, F. Kakiuchi, N. A. Yamada, Chatani, S. Murai, Chem. Lett. 

1997, 425; c) A. S. Tsai, R. G. Bergman, J. A. Ellman, J. Am. Chem. 

Soc. 2008, 130, 6316; d) C. Aissa, A. Fürstner, J. Am. Chem. Soc. 

2007, 129, 14836; e) C. Aissa, K. Y. T. Ho, D. J. Tetlow, M. Pin-No, 

Angew. Chem. 2014, 126, 4293; Angew. Chem. Int. Ed. 2014, 53, 4209. 

[10] For the importance of quaternary stereocenters, see: a) J. Christoffers, 

A. Baro, Adv. Synth. Catal. 2005, 347, 1473; With Ir catalysis, see: b) J. 

Feng, V. J. Garza, M. J. Krische, J. Am. Chem. Soc. 2014, 136, 8911. 

[11] a) A. Ghosh, K. F. Johnson, K. L. Vickerman, J. A. Walker, Jr., L. M. 

Stanley, Org. Chem. Front. 2016, 3, 639; b) Willis, M. C., Chem. Rev. 

2010, 110, 725. 

[12] For hydroacylation processes promoted by organocatalysts, see: a) D. 

Janssen-Mueller, M. Schedler, M. Fleige, C. G: Daniliuc, F. Glorius, 
Angew. Chem. 2015, 127, 12671; Angew. Chem., Int. Ed. 2015, 54, 

12492; b) M. S. Kerr, T. Rovis, J. Am. Chem. Soc. 2004, 126, 8876; For 

Rh-catalyzed desymmetrization, see: c) J. W. Park, K. G. Kou, D. K. 

Kim, V. M. Dong, Chem. Sci. 2015, 6, 4479. 

[13] For selected examples of dialkyl carboxamides as directing groups, 

see: a) Y. J. Zhang, E. Skucas, M. J. Krische, Org. Lett. 2009, 11, 

4248; b) Y. Shibata, Y. Otake, M. Hirano, K. Tanaka, Org. Lett. 2009, 

11, 689; c) G. E. M. Crisenza, N. G. McCreanor, J. F. Bower, J. Am. 

Chem. Soc. 2014, 136, 10258 . 

[14] See the Supporting Information for further details. 

[15] For the use of d
F
ppe and related bisphosphines in Ir-catalyzed 

intermolecular hydroarylations, see reference 13c and: G. E. Crisenza, 

O. O. Sokolova, J. F. Bower, Angew. Chem. 2015, 127, 15079; Angew. 

Chem. Int. Ed. 2015, 54, 14866. 

[16] 1,2-Trisubstituted alkenes lead to the recovery of the starting material. 

[17] The isomerization is also observed in the contact to silica-gel. See ref 

14. 

[18] For reviews covering asymmetric developments on C-H activation 

methods, see: a) C. G. Newton, S.-G. Wang, C. C. Oliveira, N. Cramer, 

Chem. Rev. 2017. DOI: 10.1021/acs.chemrev.6b00692; b) C. Zheng, 

S.-L. You, RSC Adv. 2014, 4, 6173; See also, c) P.-S. Lee, N. Yoshikai, 

Org. Lett. 2015, 17, 22. 

[19] For enantioselective intramolecular hydroarylations that afford tertiary 

stereocenters, see: a) D. A. Colby, A. S. Tsai, R. G. Bergman, J. A. 

Ellman, Acc. Chem. Res. 2012, 45, 814; b) See also refs. 6b, 2,18. 

[20] For enantioselective intermolecular Ir-catalyzed C–H hydroarylations, 

see: a) C. S. Sevov, J. F. Hartwig, J. Am. Chem. Soc. 2013, 135, 2116; 

b) S. G. Pan, N. Ryu, T. Shibata, J. Am. Chem. Soc. 2012, 134, 17474; 

c) M. Hatano, Y. Ebe, T. Nishimura, H. Yorimitsu, J. Am. Chem. Soc. 

2016, 138, 4010; d) T. Shirai, Y. Yamamoto, Angew. Chem. Int. Ed. 

2015, 54, 9894; e) T. Shibata, M. Michino, H. Kurita, Y. K. Tahara, K. S. 

Kanyiva, Chem. Eur. J. 2017, 23, 88.  



COMMUNICATION          

 

 

 

 

 

COMMUNICATION 

The first Ir(I)-catalyzed intramolecular hydroalkenylation process that yields cyclic 

products bearing quaternary stereocenters is reported. The method is based on a 

carboxamide-directed activation of C(sp2)–H bonds followed by an exo-cyclization 

pathway. Interestingly, not only alkenyl precursors, but also (hetero)aromatic 

systems are tolerated, thus enabling a powerful, versatile  and atom-economical 

entry to a variety of cyclic and polycyclic systems with quaternary centers. 
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