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Abstract: The first chiral helicene-NHC gold(I) complexes efficient in 

enantioselective catalysis were prepared. The L-shaped chiral ligand 

is composed of an imidazo[1,5-a]pyridin-3-ylidene (IPy) scaffold 

laterally-substituted by a configurationally stable [5]-helicenoid unit. 

The chiral information was introduced in a key post-functionalization 

step of a NHC-gold(I) complex bearing a symmetrical anionic 

fluoreno[5]helicene substituent, leading to a racemic mixture of 

complexes featuring three correlated elements of chirality, namely 

central, axial and helical chirality. After HPLC enantiomeric resolution, 

X-ray crystallography and theoretical calculations enabled structural 

and stereochemical characterization of these configurationally stable 

NHC-gold(I) complexes. The high potential in asymmetric catalysis is 

demonstrated in the benchmark cycloisomerization of N-tethered 1,6-

enynes with up to 95:5 er.  

Introduction 

Helicenes and helicene-like compounds, composed of ortho-

annelated polycyclic skeletons, are inherently chiral molecules, 

which feature a helical topology due to geometrical constraints.[1] 

Their screw-shape -extended electronic structure confers them 

unique enhanced chiroptical properties,[1,2] leading to continually 

emerging applications in material science such as in 

optoelectronic materials,[3] supramolecular chemistry,[4] or spin-

based devices.[5] Owing to the extended chiral 3D structures, 

helicenes were also successfully applied as key constitutional 

chiral units in asymmetric organic and transition metal catalysis, 

leading to some efficient chiral helical N- and P-based ligands.[6]  

The first chiral helicenic N-Heterocyclic Carbene (NHC) complex 

was prepared in 2016 [7] by combining a chiral helicenic moiety 

within the powerful NHC ligands.[8,9] This opened the way to 

significant developments mainly focused on chiral helicenic NHC-

complexes with intriguing emission properties.[10] However, to our 

knowledge, only two chiral helicenic NHC-systems have so far 

been implemented in asymmetric catalysis, and the research area 

is still in its infancy.[11] In particular, the key design principles for 

an efficient chiral induction remain to be determined.[12] 

Ligand design is especially important in asymmetric gold(I) 

catalysis due to the linear geometry of Au(I) complexes, which 

brings the incoming substrate in trans position relative to the 

stereoinducting ligand and requires the construction of an 

extended 3D chiral pocket embedding the distal active site.[13] A 

relevant example was reported by Voituriez, Marinetti and coll. 

who developed efficient chiral phosphahelicene-gold systems 

with the Au(I) center positioned in the inner rim of the helicenic 

phosphine ligand.[14] Applying this design principle to NHC ligands, 

we set out to have now a chiral helicenic-NHC ligand, in which a 

configurationally stable pentahelicenic moiety is grafted at the 

position 5 of the imidazo[1,5-a]pyridin-3-ylidene scaffold (Figure 

1).  
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Figure 1. Targeted helical NHC Au(I) catalysts placing the chiral helicene-like 

moiety near the cationic gold center and the incoming alkyne substrate. 

The latter N-heterobicyclic carbene platform has already been 

shown to generate powerful (axially chiral) NHC ligands for gold(I) 

catalysis; its specific geometry would bring the lateral chiral 

helicenic group closer to the gold(I) center and to the active 

site.[15-17] 

Results and Discussion 

We recently reported an efficient functionalization of the 

imidazo[1,5-a]pyridinium scaffold based on a late-stage aromatic 

nucleophilic substitution strategy starting from 5-

bromoimidazo[1,5-a]pyridinium bromide 1 (Scheme 1).[15,18] This 

prompted us to select fluorenyl-derived [n]helicenes (n = 5 or 7)[19] 

as potential helical candidates and nucleophiles and we started 

our investigations with the achiral dibenzo[c,g]fluorene 2 (Scheme 

1). 

 

Scheme 1. Synthesis of the achiral imidazolium salts 3a-b·HBF4 and of gold(I) 

complex 4a. Reagents and conditions: a) i) 2, NaH (2.0 equiv), DMF, RT, 25 

min; ii) 1a-b (1.0 equiv), RT, 1.5 h; iii) HBF4 (3 equiv); b) i) KHMDS (2.0 equiv), 

THF, - 50°C; ii) AuCl(tht) (1.0 equiv), -50°C, 1h; c) HCl, THF, -50°C; d) CDCl3, 

25°C. 

The fluorenide-type anion derived from 2 (generated by 

deprotonation with NaH) rapidly and cleanly displaced the 

bromide substituent in 1a-b at room temperature to afford the 

corresponding imidazo[1,5-a]pyridinium salts H3a-b·HBF4 after a 

last step of reprotonation in good to excellent yields and on gram 

scale. The air- and water-stable salts H3a-b·HBF4 were fully 

characterized and their formulation was confirmed by X-Ray 

diffraction on single crystals of the mesityl derivative H3a·HBF4 

(Figure 2a).[20]  

 

Figure 2. Molecular structures of (a) H3a·HBF4 (left) and (b) 4a (right) (ellipsoids 

drawn at 30% probability level). BF4
− anion and hydrogen atoms (except on the 

apical ‘fluorenyl’ position and on the pre-carbenic position) have been omitted 

for clarity. Selected bond lengths (Å) and angles (deg) for 4a: Au1-C3 1.985(3), 

Au1-H121 2.634, C3-Au1-Cl1 175.04(7), Au1-C3-N1 134.52(19), Au1-C3-N2 

121.61(18). 

The potassium salt of the anionic free NHC [3a](K) was generated 

by deprotonation of H3a·HBF4 using two equivalents of potassium 

bis(trimethylsilyl)amide (KHMDS) and the carbene center was 

trapped by AuCl(tht) at -50°C to give in situ the corresponding 

anionic gold(I) complexes [AuCl(3a)](K). After a final 

reprotonation step of the lateral fluorenyl-type moiety, neutral 

complex 4a was isolated in an excellent 93% overall yield. 

Interestingly, we observed a complete and irreversible conversion 

of the kinetic product 4a-kin into the more stable thermodynamic 

product 4a-therm. The formulation of these conformers was inferred 

in particular from the high-field shift of the ortho-methyl protons of 

the mesityl group in 4a-kin ( = 1.54 ppm) and from the strong 

deshielding of the fluorenyl-type proton of the helicenic moiety 

from  = 5.11 ppm in 4a-kin to  = 8.39 ppm in 4a-therm (see 

supporting information for details). The formation of the kinetic 

conformer 4a-kin is thus proposed to proceed through an outer-

sphere protonation of the anionic intermediate [AuCl(3a)]K, 

pushing the helicenic moiety towards the inner coordination 

sphere. This steric crowding is then released by rotation around 

the C-C bond between the IPy and helicenic moieties leading to 

4a-therm, in which the helicenic unit is oriented in the opposite 

direction relative to the gold center and, conversely, the fluorenyl-

type CH bond points towards the gold center. This conformation 

was confirmed by an X-Ray diffraction analysis (Figure 2b). 

Noteworthy the relatively short Au1-H121 distance of 2.634 Å 

would suggest a weak “contra-electrostatic H bond”, which would 

account for the strong proton chemical shift change  = 3.28 ppm 

of the fluorenyl proton from 4a-kin to 4a-therm.[21] Additionally, while 

not configurationally-stable in solution, the lateral 

fluoreno[5]helicene moiety featured an helicity (dihedral angle 

between the terminal rings) of 38.03° in the crystal structure. 

Complex 4a was further evaluated as pre-catalyst in the model 

reaction of the gold-catalyzed cycloisomerization of N-tethered 

1,6-enynes but was shown to rapidly decompose. Assuming that 

this low activity is due to presence of the quite acidic fluorenyl 

proton which might interfere in the catalytic cycle, we thus devised 

to replace this proton by an alkyl group by alkylation of 

intermediate [AuCl(3a)]K.  

Hence, a small excess of benzyl bromide was added to the 

anionic intermediate complexes [AuCl(3a-b)]K in DMF, which led 

to a complete and very clean conversion after stirring overnight at 

room temperature (Scheme 2). Surprisingly, while the benzylation 

of the ligands 3a-b was proven by mass spectrometry, the 1H 

NMR spectra were not consistent with a benzylation at the “apical” 

fluorenyl position Ca. A total loss of symmetry was indeed 

observed and most importantly the benzylic CH2 protons became 
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diastereotopic, giving two doublets around 3.5 ppm and 4.0 ppm 

in 1H NMR spectrum. This indicated that the complexes became 

chiral during this step. The molecular structures of 5a-b were then 

firmly established by XRD analysis of single crystals of 5a. 

Complex 5a crystallizes in the centrosymmetric space group 

P21/c and consists of a racemate; the two enantiomers are 

depicted in Figure 3. The benzylation reaction occurred on the 

positions Cb and Cc located in the inner rim of the dibenzofluorene 

moiety, which are the allylic counterparts of the non-accessible Ca 

position. Following an outer-sphere mechanism, the post-

complexation functionalization thus created three types of 

chirality: i) a central chirality by the generation of the asymmetric 

sp3 carbon atom C24 (Figure 3), ii) an axial chirality around the 

axis C7-C17, and iii) a helical chirality characterized by a helicity 

(dihedral angle between the terminal rings) of 53.74°. Interestingly, 

the HPLC analysis of 5a-b on a chiral stationary phase confirmed 

that 5a-b are racemic mixtures and the presence of only two 

peaks confirmed that the three chiralities are controlled even in 

solution. Chiral resolution on a preparative scale enabled their 

isolation in good yields and with high ee’s (95% and 96% for 

(R,Ra,M)-5a and (S,Sa,P)-5a, respectively) and > 99% for 

(R,Ra,M)-5b and (S,Sa,P)-5b).[22] The absolute configuration was 

determined by comparing the experimental and calculated 

electronic circular dichroism (ECD) spectra (see supporting 

information for details) and confirmed by XRD analysis of a single 

crystal of the first eluted enantiomer of 5a which appeared to be 

(S,Sa,P)-5a.  

 

Scheme 2. Synthesis of optically pure gold(I) complexes 5a-b through post-

complexation functionalization. Reagents and conditions: a) i) KHMDS (2.0 

equiv), THF, - 50°C; ii) AuCl(tht) (1.0 equiv), -50°C, 1h; b) BnBr (1.1 equiv), DMF, 

RT, 16-18h. 

 

Figure 3. Molecular structures of the two enantiomers (R,Ra,M)-5a and 

(S,Sa,P)-5a crystallizing as a racemate (ellipsoids drawn at 30% probability 

level). Selected bond lengths (Å) and angles (deg): Au1-C1 1.983(5), C7-C17 

1.469(7), C24-C38 1.590(7), C1-Au1-Br1 178.83(15). 

Having the enantiopure helicenic NHC-gold(I) catalysts 5a-b 

available, we proceeded to their evaluation in asymmetric 

catalysis by investigating the benchmark cycloisomerization of the 

N-tethered 1,6-enynes 6 into the bicyclo[4.1.0]heptene 7,[14a,23-24]. 

Optimization of the reaction conditions was carried out with the 

model substrate 6a (Table 1).  

Table 1. Optimization of the reaction conditions for the cycloisomerization of N-

tethered 1,6-enyne 6a.[a] 

 
Entry [Au] MX solvent Conv

(%)[b] 

yield 

(%)[b] 

er[c] 

1 (-)-5a AgNTf2 CH2Cl2 49 44 81:19 

2 (-)-5b AgNTf2 CH2Cl2 94 55 71:29 

3 (-)-5a AgNTf2 Et2O 49 43 88:12 

4 (-)-5a AgNTf2 toluene 56 55 92:8 

5 (-)-5a AgNTf2 PhCl 68 65 92:8 

6 (-)-5a NaBArF
4
[d] PhCl 16 14 87:13 

7 (-)-5a AgSbF6 PhCl 52 51 93:7 

8 (-)-5a AgOTf PhCl 69 62 94:6 

9 (+)-5a AgOTf PhCl 73 56 6.5:93.5 

10[e] (-)-5a AgOTf PhCl 46 46 95.5:4.5 

[a] All reactions were carried out on a 0.1 mmol scale and at 0.1 M in substrate. 

[b] Determined by 1H NMR using ferrocene as an internal standard. [c] 

Determined by HPLC analysis with a chiral stationary phase. [d] 6 mol%. [e] at 

0°C for 72 h.  

Gratifyingly, upon activation with AgNTf2 in CH2Cl2, both pre-

catalysts (R,Ra,M)-(-)-5a and (R,Ra,M)-(-)-5b gave satisfactory 

conversions and yields and more importantly promising 

stereoselectivities of 81:19 and 71:29 in product 7a respectively 

(Table 1, entries 1-2). It appeared here that the outcome of the 

catalysis is influenced by the steric hindrance of the N-aryl group 

of the chiral NHC ligand, with mesityl group in (R,Ra,M)-(-)-5a 
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giving better results than the bulkier 2,6(diisopropyl)phenyl group 

in (R,Ra,M)-(-)-5b. Using the most stereoinducting pre-catalyst 

(R,Ra,M)-(-)-5a, we next investigated the influence of different 

solvents onto the selectivity of the reaction (Entries 3-5) and 

chlorobenzene was found to give both the best yields and 

enantiomeric ratios (65% yield, 92:8 er). Further screening of the 

pre-catalyst activator showed that the use of silver salt is required 

for activity as NaBArF
4 only gave very sluggish reaction and low 

yield (Entry 6). Among the silver salts (Entries 5,7,8), AgOTf 

appeared optimal in terms of yield and enantioselectivity (94:6 er). 

As expected, the opposite (S,Sa,P)-(+)-5a enantiomer led to 

similar results but with an inversed stereoselectivity and 

decreasing the reaction temperature to 0°C allowed an increased 

to 95.5:4.5 er but at the expense of a longer reaction time and 

lower yield.  

With the optimized reaction conditions, the scope of the 

enantioselective cycloisomerization was evaluated (Scheme 3). 

Gratifyingly, the 1,6-enynes 6a-e having different para-substituted 

aryl groups underwent cycloisomerization smoothly and gave the 

corresponding bicycles 7a-e in almost constant enantiomeric 

ratios ranging from 93:7 for 7c to 94.5:4.5 for 7d, irrespective of 

the electron-withdrawing or donating character of the para-

substituent. However, it appeared that the yield is more sensitive 

as a small yield erosion was observed for compounds 7e and 7c 

bearing a fluoride and a nitro substituent respectively. Moreover, 

a bulkier 1-naphthyl substituent on the alkyne moiety of 6f was 

found compatible with the catalytic system and product 7f was 

obtained in 67% yield and an excellent 94:6 er. Overall, the 

present system was shown quite versatile and efficient on this 

substrate scope and compared favorably with literature 

precedents. The latter included the phospha(thia)helicenes/Au(I) 

complexes with er between 84:16 and 93:7,[14a,25] and a bimetallic 

MeOBIPHEP(AuCl)2 pre-catalyst, which gave very high 

enantioinduction for 7a (99:1 er) but very low yields and much 

lower enantiomeric ratios for 7c and 7d.[26]  

 

 

Scheme 3. Substrate scope of the cycloisomerization of N-tethered 1,6-enynes 

6 catalyzed by (R,Ra,M)-(-)-5a. All reactions were conducted on a 0.1 mmol 

scale and in chlorobenzene (0.1 M). NMR yields on isolated product using 

ferrocene as internal standard. Enantiomeric ratio determined by analytical 

chiral HPLC.  

Conclusion 

In summary, we developed a new class of chiral, enantiopure 

helical NHC-gold complexes through an efficient and 

straightforward synthetic sequence. The key post-

functionalization step created a new type of [5]-helicenoid unit, 

which is configurationally stable thanks to the presence of the 

asymmetric C(sp3) carbon inside its inner groove. The 

stereoinducing potential of the enantiopure helical NHC-gold pre-

catalysts was demonstrated in the benchmark Au(I)-catalyzed 

cycloisomerization of 1,6-enynes. This example demonstrates for 

the first time the efficiency of chiral NHC-Au(I) ligands bearing a 

substituted pentahelicenic unit[27] in enantioselective catalysis, 

thanks to a rational ligand design which forces the metal center to 

be directed toward the helical groove of the lateral substituent.[14] 

Extension of this methodology to the design of chiral helicenic 

NHC-complexes having longer and/or other types of fluorenyl-

derived helicenoid moieties as well as the application of these 

chiral NHC systems in other asymmetric transformations are 

currently underway in our laboratories. 
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Helical-NHC ligands were for the first time used as chiral ligands in enantioselective gold(I) catalysis. The introduction of the chirality 

was realized in a key post-functionalization step and led to the generation of a chiral NHC laterally-substituted by a new 

configurationally-stable [5]-helicoidal moiety. This structural design allowed good activities and high ee values attained in gold-

catalyzed cycloisomerization of N-tethered enynes. 
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