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ABSTRACT: Selective synthesis of chiral bridged (hetero)bicyclic scaffolds via asymmetric C–H activation constitutes sub-
stantial challenges, due to the multiple reactivities of strained bicyclic structures. Herein, we develop the domino transfor-
mations through an unprecedent cobalt-catalyzed enantioselective C–H activation/nucleophilic [3+2] annulation with sym-
metrical bicyclic alkenes. The methods offer straightforward accesses to a wide range of chiral molecules bearing [2.2.1]-
bridged bicyclic cores with four and five consecutive stereocenters in a single step. Two elaborated salicyloxazoline (Salox) 
ligands were synthesized based on the rational design and mechanistic understanding. The well-defined chiral pockets gen-
erated from asymmetric coordination around trivalent cobalt catalyst direct the orientation of bicyclic alkenes, leading to the 
excellent enantioselectivity.  

INTRODUCTION 

Chiral bridged bicycles are valuable structural motifs pre-
sent in biologically important molecules. Especially, the chi-
ral [2.2.1]-bridged bicyclic cores are not only widely applied 
in asymmetric catalysis1a-d and material synthesis,1e, f but 
also commonly found in natural products and drugs (Figure 
1A).1g,h The establishment of new methodologies for the 
elaboration of [2.2.1]-bridged bicyclic templates thus has 
value in the development of pharmaceutical discovery and 
material science. 

Bridged bicyclic alkenes (BBAs), particularly bridged het-
erobicyclic alkenes (BHAs), have been recognized as essen-
tial synthetic intermediates to create highly substituted chi-
ral ring systems.2,3 Among various approaches, the recently 
emerged transition metal-catalyzed asymmetric C–H func-
tionalization reactions using BBAs as the coupling partners 
provide direct routes to various chiral molecules.3-5 Thus far, 
three distinct synthetic routes merging desymmetrization 
of meso-BBAs with C–H activation have been introduced 
(Figure 1B). The first synthetic route involves β-heteroatom 
elimination of Int-A that generated by C–H metalation/mi-
gratory insertion to give the asymmetric ring opening prod-
ucts (Figure 1B, Route I), which has been well explored by 
Li,5a,b Cramer,5c and You.5d  The resulting ring opening prod-
ucts (X = O) might undergo subsequent aromatization to 
give C–H naphthylation products (Route II).5e The third 
synthetic route represents an attractive and straightfor-
ward tool for building-up chiral bridged bicycles, and is an 

area of recent interest. The groups of Perekalin,5f Cramer,5g,h 
and Ellmann5i respectively reported the asymmetric amino-
arylation of BBAs via reductive elimination of Int-A to de-
liver without chiral bridged bicycles without ring opening 
(Route III). Although Route III has found application in the 
synthesis of various chiral bridged bicycles, it relies on the 
use of chiral cyclopentadienyl (Cp) ligands prepared in 
lengthy steps. As a consequence, the discovery of new cata-
lytic system using more sustainable metal catalysts and eas-
ily available and modular chiral ligands that can not only en-
able high levels of enantiocontrol, but also offer new oppor-
tunity to discover new mode of synthetic route, will be 
highly desirable. 

Cobalt is one of the most promising earth-abundant 3d 
metals for enantioselective C–H activation reactions owing 
to its sustainable nature and unique reactivities.6-8 In 
particular, cobalt catalysts exhibit unique reactivities and 
might provide complementary reactivity.9 For instance, in 
the seminal study by Matsunaga and Kanai, they disclosed 
the unique nucleophilic activity of cobalt(III)-carbon 
intermediates.10 The Cheng group elegantly demonstrated 
the cobalt-catalyzed C-H activation/intramolecular 
nucleophilic addition reaction assisted by bidentate 8-
aminoquinoline directing group.11,12 Inspried by these 
precedents and our continuous interest in cobalt-catalyzed 
enantioselective C-H activation,7c,e,f,8a-c,f-h we rationalized 
that a unique synthetic route involving an intramolecular 
nucleophilic addition of Int-B might be feasible, leading to 
the formation of a new type of chiral bridged bicyclic 
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molecules (Route IV). However, formidable challenges 
need to be addressed to establish this unprecedent 
asymmetric synthetic route: 1) Due to the intrinsic ring 
strain and leaving group ability of bridgehead heteroatoms, 
Int-A is more prone to undergo the undesirable β-heteroa-
tom elimination as demonstrated by You and coworkers in 
chiral CpxCo(III)-catalyzed asymmetric ring-opening of 7-
oxabenzonorbornadienes (Route I).5d 2) Even if β-heteroa-
tom elimination is inhibited, the competitive C-N reductive 
elimination to form [4+2] annulation products is a 
formidable hurdle. This reaction pattern has been reported 
by the Cramer group in chiral CpXCo(III)-catalyzed 
enantioselective C-H functionalization with BBAs.5g,h To 

address these challenges, we hypothesized that the 
judicious elaboration of Salox ligands recently developed by 
Niu and us, might be competent for cobalt-catalyzed 
enantioselective C-H activation/nucleophilic [3+2] 
annulaitons (Route IV). Herein, we reported the unprece-
dented cobalt-catalyzed enantioselective C–H insertion/nu-
cleophilic [3+2] annulation for the efficient synthesis of a 
range of chiral [2.2.1]-bridged bicyclic cores with four and 
five contiguous stereogenic centers in a single step (Figure 
1C, Route IV). The rational design of Salox ligands based on 
mechanistic understanding is crucial for the high levels of 
chemo- and enantiocontrol.  

 

Figure 1. The application and synthetic methods for chiral bridged bicycles. (A) The significance of chiral [2.2.1]-bridged 
bicyclic molecules. (B) Previous reports on asymmetric C–H activation with bridged bicyclic alkenes. (C) Cobalt/Salox-cata-
lyzed enantioselective C–H activation / nucleophilic [3+2] annulations towards chiral bridged (hetero)bicycles. 

RESULTS AND DISCUSION 

Reaction discovery and mechanistic studies. The 
study was initialed by transformation of C–Co complex with 
7-oxabenzonorbornadiene (Figure 2). First, octahedral co-
baltacyle (Rc)-Co-1 was synthesized from N-(quinolin-8-
yl)benzamide 1a with Salox ligand (R)-L1 (see supporting 
information for details).8f When complex Co-1 was treated 
with 1.0 equivalent of 7-oxabenzonorbornadiene 2a at 80 
oC in 2,2,2-trifluoroethanol (TFE), the unprecedented [3+2] 
annulation product 3aa was obtained in 60% yield with 76% 
ee as a single diastereoisomer, which reveals that enanti-
oselective C–H insertion is followed by a nucleophilic 

addition procedure instead of C–N reductive elimination or 
β-oxygen elimination. The steric map of the chiral pocket in 
carbon-cobalt complex (Rc)-Co-1 was generated with the 
SambVca 2 tool13 and shows an open-wide plane for alkene 
coordination which is responsible for the low ee value of 
3aa. We rationalized that the introduction of steric hin-
drance at ortho-position of phenolic hydroxy group might 
direct the orientation of alkene coordination and achieve 
excellent enantioselectivity.8f 
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Figure 2. Initial discovery through stoichiometric reaction 
of (Rc)-Co-1 (CCDC 2225227) and the steric maps of the chi-
ral pocket of (Rc)-Co-1.  

This unprecedent result encouraged us to commence in-
vestigations on the optimization of catalytic reaction condi-
tions (Figure 3A). After extensive screening of solvents, co-
balt salts, and Salox ligands, we were delighted to find that, 
as the alkyl substituent at the 6-position of Salox ligand be-
came bulkier [6-Me-Salox (L2), 74% ee; 6-n-Pr-Salox (L3), 
82% ee; 6-i-Pr-Salox (L4), 84% ee; 6-t-Bu-Salox (L5), 93% 
ee], the enantioselectivity of the desired product 3aa was 
significantly improved, which is consistent with our hypoth-
esis. With (S)-L5 as chiral ligand and Co(acac)3 as precata-
lyst, the reaction of benzamide 1a with 7-oxabenzonor-
bornadiene 2a in the presence of the 2-methylbutyralde-
hyde and t-BuOLi in TFE at 80 oC for 5 hours gave the de-
sired product 3aa in 73% yield with 93% ee. The configura-
tion of 3aa (CCDC 2225215) illustrates the predisposition 
of cobalt catalysts towards coordination from the exo-face 
biases the reaction outcome towards exo-selective products. 

To gain more understanding on the catalytic system, a se-
ries of mechanistic experiments were conducted. First, the 
hexa-coordinated cabaltacycle (Sc)-Co-2 was obtained in 87% 
yield by the stoichiometric reaction of Co(acac)3, 1a, (S)-L5 
and 4-dimethylaminopyridine (DMAP) under standard re-
action conditions (Figure 3B, entry 1). Control experiments 
indicated that: 1) the use of t-BuOLi as base was crucial for 
the reaction (entry 2); 2) the addition of 2-methylbutyral-
dehyde did not affect the C–H metalation procedure (entry 

3). The stoichiometric reaction of (Sc)-Co-2 with 2a deliv-
ered 3aa in 81% yield with >99% ee (Figure 3C, entry 1), 
which suggests the involvement of (Sc)-Co-2 in the catalytic 
cycle. Since 8-aminoquinolin (AQ) acted as a traceless di-
recting group during the reaction, Cheng and the co-work-
ers found that the in situ removed AQ inhibit the catalytic 
activity by coordinating with Co catalyst.11 It is noticeable 
that the combination of 2-methylbutyraldehyde and t-
BuOLi is conducive to the liberation of L5 in 78% recovered 
yield. Thus, we rationalized that 2-methylbutyraldehyde 
could be the trapping agent for AQ to generate imine which 
might be perishable under reaction conditions, and thereby 
liberated cobalt catalyst and Salox ligand. 

The crystallizable complex (Sc)-Co-3 is an analogue of 
(Sc)-Co-2, which has been synthesized and characterized in 
our previous work.8f As shown in Figure 3D, the structure of 
(Sc)-Co-3 demonstrated that the chirality-at-cobalt was se-
cured by the π-π stacking between the phenyl group of oxa-
zoline in Salox and the quinoline moiety of benzamide, leav-
ing a chiral cave for coordination of 2a.8f Then, steric maps 
of the chiral cave provide information to foster understand-
ing of the coordination framework/selectivity relation-
ship.13 Comparing the steric heatmap of chiral pocket in 
(Rc)-Co-1 in Figure 2 and (Sc)-Co-3, the buried volume in-
creases from 45.3% VBur of Co-1 to 50.8% VBur of Co-3. The 
map for Co-3 reveals quinoline backbone twisted by tert-
butyl group generates significant bulk in the NW quadrant, 
and the massive bulk of the tert-butyl group diminishes ac-
cess to the northern hemisphere, thus forcing a specific ori-
entation for 2a in the SW quadrant. The poor enantioselec-
tivity of L1 can be attribute to a lack of this guiding interac-
tion by tert-butyl group and the open space of Co-1. 

A simplified catalytic procedure was proposed in Figure 
3E to illustrate the reaction pathway and the mode of stere-
ocontrol. 7-Oxabenzonorbornadiene 2a underwent an exo-
coordination with cobaltacycle Int-1-1 to generate Int-1-2, 
guiding by the elaborated chiral cave in Int-1-1. Subse-
quently, an exo-migratory insertion led to the formation of 
seven-membered Co–alkyl intermediate Int-1-3. Due to the 
nucleophilic character of C–Co bond, the intermolecular nu-
cleophilic attack onto carbonyl group of amide furnishes 
Int-1-4. The desired product 3aa was obtained after subse-
quent C–N bond-cleavage proceed. The resulting Co(III) 
complex Int-1-5 releases the trivalent cobalt and Salox lig-
and L5, which could be assisted by 2-methylbutyraldehyde 
and t-BuOLi, and the catalytic cycle is finally closed. 
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Figure 3. Enantioselective C–H activation/nucleophilic [3+2] annulations of benzamides and mechanistic studies. (A) The 
screening of chiral Salox ligands. (B) The synthesis of intermediate (Sc)-Co-2 and control experiments. (C) The stoichiometric 
reaction of (Sc)-Co-2 and control experiments. (D) The steric map of chiral pocket of (Sc)-Co-3. (E) Plausible reaction pathway. 

Scope of Substrates. With the optimal conditions in 
hand, the scope of substrates was next investigated (Figure 
4). Benzamides bearing a methyl group at the para, meta, or 
ortho-position were well tolerated, giving the correspond-
ing products 3ba-3da in 63% to 78% yields with excellent 
enantioselectivity (93% to 94% ee). Other alkyl substituent, 
such as ethyl, isopropyl and tert-butyl, at the para-position 
were also compatible, affording the corresponding products 
3ea-3ga in good yields (78% to 84%) with high ee values 
(93% to 94% ee). Then, benzamides bearing electron-do-
nating groups, such as methoxy and benzyloxy, at the para-
position were investigated. The desired chiral bridged bicy-
cles were constructed efficiently (3ha: 73%, 95% ee; 3ia: 
75%, 94% ee). The yield and ee values decrease slightly 
when benzamides with electron-withdrawing groups (fluo-
ride, chloride, bromide, iodide and trifluoromethyl) substi-
tuted at the para-positions (3ja-3na, 63% to 68% yields, 86% 
to 90% ee). Interestingly, the reaction of isonicotinamide 

(1o) gave conjugated product 3oa (CCDC 2225216) in 73% 
yield. We supposed that the nitrogen atom on pyridine 
might coordinated with cobalt, and the Lewis acidity of 
Co(III) species might promote the aromatization. The scope 
of various bridged bicyclic alkenes was then investigated. 
Symmetrically substituted oxabenzonorbornadienes (2b, 
2c) reacted smoothly to afford the corresponding products 
in good yields with excellent enantioselectivities (3gb: 80%, 
99% ee; 3gc: 65%, 99% ee). Notably, the reaction also pro-
ceeded well with norbornene (3ad: 52%, 95% ee; 3ld: 70%, 
97% ee), norbornadiene (3le: 45%, 99% ee). The absolute 
configurations of 3ld (CCDC 2225218) and 3le (CCDC 
2225219) were confirmed by X-ray analysis and revealed 
that the catalytic chiral pockets of cobalt intermediates pre-
sent excellent exo-selectivity of two diastereotopic faces. 
Besides, the product 3ad is analogues of a class of asymmet-
ric photosensitizers.1d 
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Figure 4. The investigation of substrate scope. Reaction condition: Benzamides 1 (0.2 mmol), 2 (1.2 eq, 0.24 mmol), Co(acac)3 
(20 mol%), (S)-L5 (20 mol%), LiOt-Bu (4.0 eq), 2-Methylbutyraldehyde (4.0 eq), TFE (4.0 M, 0.5 mL), 80 oC, under O2 atmos-
phere for 5 hours. Isolated yield. The ee value was determined by chiral HPLC. 

Further Reaction Design. In light of the success of this 
enantioselective C-H activation/[3+2] annulation of ben-
zamides derived from AQ, we are eager to expand this pro-
tocol to other type of substrates, such as aryl hydrazones 
4,14 especially considering that the resulting products 
would be precursors of chiral amines. In our aforemen-
tioned strategy, benzamides derived from AQ coordinated 
with cobalt catalyst to generate a X,X,L-Co(III) pincer com-
plex as the key intermediate  (X = anionic atom, L = neutral 
atom).15 In complex (Sc)-Co-3, Co(III) atom is surrounded by 
one anionic C atom from a C–H activated aryl ring, one ani-
onic N atom and one neutral N atom of N,N-bidentate direct-
ing group, exhibiting a meridional geometry (Figure 5A). 
The introduction of steric hindrance at ortho-position of 
phenolic hydroxy group is crucial to direct the orientation 
of alkene coordination. Based on these mechanistic under-
standing, we rationalized that in the possible intermediate 
Int-2 of aryl hydrazone might adopt a κ3(X,L,X) coordina-
tion mode.14 Regarding to the electronic aspect, the soft N-
donor of oxazoline in Salox may adopt a trans-coordination 
to unsaturated N-donor of hydrazone due to a “push-pull ef-
fect” (Figure 5A). Thus, based on the coordination pattern 
in the possible Int-2, we rationalized that the judicious 
modification of the substituent (R in Int-2) next to nitrogen 
atom of oxazoline moiety would be the key to excellent ste-
reocontrol.  

To test the feasibility of our hypothesis, we commenced 
our studies by investigating various chiral Salox ligands for 
the envisioned enantioselective transformation of (E)-2-(2-
(1-phenylethylidene)hydrazinyl) pyridine (4a) and 7-

oxabenzonorbornadiene (2a), a racemic version of which 
was reported by Volla and co-workers (Figure 5B).14c We 
were delighted to observe the chiral [3+2] annulation prod-
uct 5aa was obtained as a single diastereomer in 95% yield 
with 72% ee using (S)-L1 as chiral ligand. A series of Salox 
ligands derived from different chiral amino alcohols with 
the modification at the oxazoline skeleton were tested. Con-
sistent with our hypothesis, the enantioselectivity was sig-
nificant improved when (S,R)-L11 was used as chiral ligand 
(90% ee). We then conducted further tuning of the substit-
uents ortho to the phenolic hydroxy group. We were de-
lighted to find that (S,R)-L14 was the optimal ligand, giving 
5aa in 99% yield with 96% ee. In the contrast, relatively 
lower ee value  was obtained when (S)-L5 was used as chiral 
ligand (79% yield, 75% ee, see Table S9 in supporting infor-
mation). The absolute configuration of chiral bridged bicy-
cle 5aa (CCDC 2225221) was confirmed by X-ray crystallo-
graphic analysis. 

A plausible reaction pathway was proposed in Figure 5C. 
In the key intermediate Int-2-1, the C4-substituent of oxa-
zoline moiety direct the coordination of 7-Oxabenzonor-
bornadiene 2a. Int-2-1 underwent an enantioselective mi-
gratory insertion to form the seven-membered cobaltacycle 
Int-2-2, which underwent diastereoselective intramolecu-
lar nucleophilic attack onto the Re-face of imine affords the 
complex Int-2-3. Chiral [3+2] annulation product 5aa was 
obtained after reductive elimination, and the Co(I) interme-
diate is regenerated to active trivalent cobalt species under 
aerobic condition. 
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Figure 5. Enantioselective C–H activation/nucleophilic [3+2] annulations of aryl hydrazones. (A) The rational design for co-
ordination frameworks of trivalent cobalt. (B) Prove the concept through the investigation of Salox ligands. (C) Plausible 
reaction pathway.  

Then, with this set of conditions, we proceeded to evalu-
ate the scope of hydrazone derivatives (Figure 6). In general, 
aryl hydrazones 4 bearing both electron-donating and -
withdrawing groups at the para-position were compatible 
with this reaction, affording the desired products in high 
yields with excellent enantioselectivities (5ba, 5ea-5la, 
5na). Meta-methyl-substituted hydrazone (4c) and meta-
chloro-substituted hydrazone (4m) furnished a regioiso-
meric mixture of products (5ca:5ca’ = 7:1, 5ma:5ma’ = 3:1) 
in high yields with excellent enantioselectivities. However, 
the reaction of ortho-substituted hydrazones 4d and 4g be-
came sluggish where the yield of 5da and 5ga were de-
creased to 56% and 43% respectively, despite high ee val-
ues. Thiophene derived hydrazone, (E)-2-(2-(1-(Thiophen-
2-yl)ethylidene)-hydrazinyl)pyridine (4o), also reacted 
smoothly to give the desired product 5oa in 42% yield with 

96% ee. The reaction efficiency is inversely correlated with 
the bulkiness of the alkylidene group, thus, variation from 
ethylidene (4p) and propylidene (4q) to benzylidene (4r) 
leads to a dramatically decrease in yield from >95% to 53%, 
but still with excellent enantioselectivity. The reactivity can 
be partially recovered by using fused substrate 4s, giving 
the desired product 5sa with multiple fused ring in 72% 
yield with 95% ee. The structure of 5sa was confirmed by 
single-crystal X-ray diffraction analysis (CCDC 2225222). 
We further examined the enantioselective domino [3+2] an-
nulation reaction with hydrazones derived from the core 
structures of functional molecule (Ferrocene, 4t), drug mol-
ecule (Gemfibrozil, 4u), and natural product (Geraniol, 4v). 
All of the desired chiral bridged bicylic products were ob-
tained in good yield with high enantiomeric excess (70% to 
85% yield and 96% to 98% ee). 
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Figure 6. Scope of enantioselective transformation of aryl hydrazones. Reaction conditions: 4 (0.1 mmol), 2a (1.2 eq, 0.12 
mmol), Co(OAc)2•4H2O (5 mol%),  (S,R)-L14 (7 mol%), CH3CN (0.1 M, 1.0 mL), 60 oC, under air atmosphere for 24 hours. 
Isolated yield. The ee value was determined by chiral HPLC.  

Synthetic Transformations The study was advanced 
with evaluating the preparative utility of this chemistry 
(Figure 7). First, the reduction of optical pure compound 
3aa (>99% ee after recrystallization) with LiAlH4 gave alco-
hol 6 bearing five contiguous stereogenic centers in quanti-
tative yield with high diastereoselectivity (>20:1 dr), and 
chirality transfer has occurred with perfect retention of the 
enantioenrichment. The absolute configuration of 6 (CCDC 
2225223) was confirmed by X-ray analysis, showing a syn-
configuration between the oxhydryl- group and bicyclo unit. 
The late-stage esterification of drug molecules (7, Naproxen; 
8, Probenecid) and material molecule (9, DTT-2,6-dicarbox-
ylic acid) with alcohol 6 was then conducted. 

As shown in Figure 7B, gram-scale (5.0 mmol) synthesis 
of chiral bridged bicycle 5aa could be accomplished in un-
diminished yield (93%) and enantioselectivity (95% ee) un-
der slightly modified conditions. The azo bond of 5aa was 
reduced by employing Raney Ni and hydrazine hydrate in 
MeOH solvent at 70 oC to produce the chiral amine 10 in 
quantitative yield.16 In view of the significance of chiral 
[2,2,1] bridged bicycles in pharmaceuticals, the synthetic 
utility of the protocol was further elaborated by the 

condensation of 10 with (S)-Ibuprofen, N-Boc-D-valine and 
(+)-mebthyl Chlorofomate to generate molecular complex-
ity. 

CONCLUSION  

In summary, we have reported the unprecedent co-
balt/Salox-catalyzed enantioselective C–H activation/nu-
cleophilic [3+2] annulation with bridged bicyclic alkenes. A 
broad range of chiral molecules bearing [2,2,1]-bridged bi-
cyclic cores were prepared in good yields with excellent en-
antioselectivities using two elaborated Salox ligands. Mech-
anistic studies revealed the chiral pockets for alkenes, 
which are generated by self-assembly construction of chiral 
coordination environment, are responsible for the specific 
orientation of the olefins and the excellent enantioselectivi-
ties. We anticipate that this research might boost the earth-
abundant 3d-metal-catalyzed asymmetric C–H functionali-
zation reactions. 
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Figure 7 Synthetic transformation of products. a) LiAlH4, in 
THF, 0 oC to rt under N2. b) Naproxen, DCC, DMAP, in DCM, 
rt. c) Probenecid, DCC, DMAP, in DCM, rt. d) DTT-2,6-dicar-
boxylic acid, DCC, DMAP, in DCM, rt. e) Raney Ni, N2H4•H2O, 
70 oC in MeOH under H2. f) (S)-Ibuprofen, BPO, DIPEA, in 
DCM, rt. g) N-Boc-D-Valine, BPO, DIPEA, in DCM, rt. h) (+)-
Menthyl chlorofomate, DIPEA, DCM, 0 oC. See supplemen-
tary materials for specific reaction details. 
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