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Abstract: A series of planar-stereogenicity ferrocenes, impor-

tant as chiral promoters in enantioselective catalysis, is here 

characterized in terms of relationships between structure and 

electronic properties. The enantiomers of six selected model 

cases are then successfully discriminated in voltammetry expe-

riments on electrodes modified with electrodeposited inherently 

chiral oligomer films, in terms of significant potential differences, 

specular inverting probe or selector configuration. Small substi-

tuent changes do not alter the enantiomer peak sequence, but 

result in significant modulation of peak potential differences, 

looking consistent with the availability of chiral/selector matching 

elements. The present stereogenic plane case, combined with 

former ones involving stereogenic centres, axes and/or helices, 

shows that the inherent chirality strategy in electroanalysis can 

be effective with all four rigid stereogenic elements.  

Introduction 

The discrimination and quantification of the enantiomers of chiral 

probes is of great importance in many applicative fields. Therein, 

chiral chromatography techniques are commonly applied, parti-

cularly for routine determinations[1]. However, the electrochemi-

cal approach to direct enantiomer discrimination is increasingly 

emerging as very interesting, and more and more effective stra-

tegies and selectors are being considered.[2-44] Particularly 

attractive are voltammetric measurements based on electron 

transfers at suitable enantiopure chiral interphases resulting in 

different potentials for the enantiomers of chiral probes[2,3,21-44]. 

The relation between current and concentration could also allow 

for the determination of the enantiomer concentration, and even, 

in favourable cases, the estimation of the enantiomeric excess 

directly in solution. In this frame, chirality can be implemented at 

the interphase either by electrode surface modification with a 

high variety of selectors[2-5], or by choosing a chiral medium or 

medium component, such as the solvent, the supporting elec-

trolyte, or more effectively, a chiral ionic liquid or even an ionic li-

quid with chiral additives.[2] In particular, outstanding discrimina-

tion ability, in terms of large peak potential differences between 

chiral probe enantiomers, has been recently observed when "in-

herently chiral" selectors were adopted for the above task. In 

such selectors both chirality and main functional properties 

originate from the same element, coinciding in all so far 

considered examples with the main molecular backbone, which 

features a tailored torsion with a very high racemization bar-

rier.[35-44] A thoroughly investigated model example is provided 

by the 2,2'-[2-(5,2-bithienyl)]-3,3'-thianaphthene (BT2T4) electro-

active monomer, inherently chiral on account of its atropisomeric 

bibenzothiophene core (i.e., with sterically hindered rotation bet-

ween its two halves). By electrooxidation it enables fast, repro-

ducible electrode modification with films constituted by a mixture 

of open and cyclic inherently chiral electroactive oligomers (Fi-

gure 1) [35,45], resulting in effective enantiodiscrimination of chiral 

electroactive probes of different nature [35-38]. Remarkably, the 

same inherent chirality strategy has proved successful with other 

inherently chiral electrodeposited films, either based on different 

atropisomeric cores, i.e. bithiophene [39] and biindole [40], or on a 

helical element as tetrathia[7]helicene [41](carbohelicene films[46] 

could be also tested). It even held when implemented in ionic 

liquid media or related additives, again either on account of 

atropisomeric elements, i.e. bipyridinium [42] or bibenzimi-

dazolium [43] salts, or of a helical tetrathiahelicene element [44].  

 

10.1002/celc.202000657

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemElectroChem

This article is protected by copyright. All rights reserved.



ARTICLE    

2 

 

 

Figure 1. The inherently chiral BT2T4 starting monomer in (Sa) configuration 

(top) together with general formulas of its cyclic (middle) and open oligomers 

(bottom) constituting the electrodeposited chiral electrode surface. [35,45] 

  

Thus the inherent chirality strategy has been shown to be of ge-

neral character, a given selector (be it electrode surface or me-

dium) being able to discriminate the enantiomers of redox 

probes with different chemical and electrochemical properties [35-

44] . 
.However, in such works only three out of the four kinds of rigid 

stereogenic elements (see key concepts and definitions at SI.1) 

have been considered in the chiral probes and/or chiral se-

lectors, namely stereocentres (A), stereogenic axes (B), and 

helices (D, Figure 2). 

Still missing is the fourth case, i.e. planar stereogenicity (C), 

including for example paracyclophanes [47-49], ansa compounds 
[50], chiral tetrathiafulvalenes [51], pillar[n]arenes[52] and metalloce-

nes with at least two different substituents on one of the aroma-

tic rings [53-55]. Actually, the above four stereogenic elements can 

be fascinatingly related through a common fil rouge rationale, 

starting from the stereocentre, as shown in Figure 2. 

A convenient model case for an electrochemistry investigation of 

planar stereogenicity probes is represented by ferrocenes ha-

ving at least one cyclopentadienyl ring bearing two different 

substituents (Table 1, Figure S1) [53].  

In fact, the ferrocene group undergoes chemically and 

electrochemically reversible electron transfer at mild potentials, 

hardly affected by the solvent (actually, the ferrocene couple is 

the IUPAC recommended intersolvental reference standard for 

electrode potentials [56]), but very regularly modulable by the 

substituent nature and number, which can be rationalized in 

terms of Hammett's constants [57].  

 

 

Figure 2. The four stereogenic elements, highlighting their logical sequence, and with several examples: (a) central stereogenicity; (b) axial stereogenicity; (c) 
planar stereogenicity; (d) helical stereogenicity.  

 

10.1002/celc.202000657

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemElectroChem

This article is protected by copyright. All rights reserved.



ARTICLE    

3 

 

Moreover, ferrocene is important for many fundamental and 

applicative purposes. For example, it is a very popular redox 

active label for electroanalysis of non-electroactive probes, 

particularly in the biological field [58]. Chiral receptors which 

included ferrocenes with planar stereogenicity have been 

recently tested by an electrochemical approach with proline-

based probes [59]. Ferrocene is also an attractive building 

block for molecular materials with advanced electrochemical 

and/or chiroptical properties, e.g. conjugated with heterocyclic 

systems [60], even chiral [61], in molecular wires [62], and in sy-

stems with reciprocally interacting multiple redox centres [63]. 

Furthermore, it is a suitable candidate for magnetic circular 

dichroism[64] and, symmetrically, magnetoelectrochemistry ex-

periments [65], on account of the ferricinium|ferrocene Fc+|Fc 

redox couple including a paramagnetic species. Finally, chiral 

ferrocenes, including planar stereogenicity ones, gained great 

applicative interest in the field of asymmetric catalysis,[66-78] on 

account of attractive features including for example the great 

stability of the ferrocene group in air at ambient temperature, 

and of the above modulability of its electronic properties. In 

particular, in the last two decades, some of us have 

developed, characterized and/or tested many advanced 

ferrocene derivatives[60,62,63], including planar-stereogenicity 

ferrocenes for stereoselective catalysis applications (e.g. 
[74,75]). For example, the stereopure phosphinoferrocene (Sp)-

[Fe(η5-C5H3-1-PPh2-2-(E)-CH=CHPh)(η5-C5H5)] was emplo-

yed as a ligand in palladium-catalyzed synthesis of sterically 

congested biaryls via Suzuki–Miyaura C,C cross-coupling 

reactions.[75] They have also formerly been applied in enantio-

selective allylic alkylations by P. Štěpnička et al.[77] To 

modulate the functional properties of this important parent 

molecule diverse modifications have been carried out.[74] 

A wide systematic selection of the latter, with the phosphane 

groups protected as sulphides, is now submitted to a detailed 

electrochemical investigation (Table 1). Oxidation of the lone 

pair with chalcogenes is essential in order to prevent 

oxidation or dimerization processes.[79-81] Usage of PV-sulfides 

is preferable, since oxidation of the ferrocenyl backbone can 

be excluded even though an excess of S8 is used (contrary to 

H2O2), and also results in reversible redox processes, which 

is not ensured for the respective selenides.[79-81] Furthermore, 

selected compounds 1,5,7,14,15,16 (Table 1) are tested as 

planar stereogenicity model cases in voltammetric enantio-

discrimination experiments, to achieve verification of the full-

scope effectiveness of inherently chiral selectors in chiral 

electroanalysis. 

Table 1. Electrochemical characterization of planar stereogenicity ferrocenes as racemates: a synopsis of key CV features in CH3CN + 0.1 M [NBu4][PF6] 

medium, including formal first oxidation potentials (related to the ferrocene site) E°'Fc, first oxidation and reduction peak potentials, EIa and EIc respectively, 

oxidation and reduction peak potentials for the subsequent redox processes, EIIa,IIIa and EIIc,IIIc). All potentials are referred to the formal potential of the Fc+|Fc 

couple measured in the same conditions. Highlighted are the compounds selected for the enantiodiscrimination tests. a[86], in CH2Cl2. b[86], in CH3CN.  c[87], in 

CH2Cl2. d[87], in CH3CN. e[74], in CH2Cl2. 

 Compound  [51] E°'Fc EIIc,IIIc. EIc EIa EIIa,IIIa 

 

I    –2.90 1.18 1.42 

 

II 
S=PPh2: 

p=0.47 
0.248a     

 

III 

PPh2: 

p = 0.19 

Fc: p= 
–0.18/–0.15 

0.064a 
0.080 b 
0.101c 

0.097 d 

    

 
1 

Styr: 

p = –0.07 
0.227 

(0.200e) 
–2.93 
–3.07 

–2.69 
 

0.26 

 
1.17 

 

2 
OMe: 

p = –0.27 
0.188 

(0.165 e) 
–3.10 

–2.81 
 

0.22 
 

0.87, 1.20 

 
3 

Me: 

p = –0.17 
0.216 

(0.180 e) 
–3.07 

–2.75 
 

0.26 
 

1.22 

 

4 
Cl: 

p = 0.23 
0.240 

(0.210 e) 
–3.08 –2.52  –2.71 

0.28 
 

1.16 

 
5 

CN: 

p = 0.66 
0.267 

(0.260 e) 
–2.88 
–3.03 

–2.32  –2.49 
 

0.30 
 

1.25, 1.52 
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6 
CHO: 

p = 0.42 
0.250 

(0.245 e) 
–3.08 

–2.22  –2.51 
(–2.41sh) 

0.28 
 

1.32 

 

7 
Styr: 

p = –0.07 
0.180 –3.12 

–2.64  –2.79 
 

0.22 
 

0.91,1.23 

 
8 

SiMe3: 

p = –0.07 
0.223 

 
–2.91 
–3.02 

–2.69 
 

0.26 
 

1.27 

 
9 

SiEt3: 

p = –0.07 
0.226 –2.88 

–2.68 
 

0.26 
 

1.27 

 
10 

CH2OH: 

p = 0 
0.169 –3.21 

–3.04 
 

0.20 
 

1.37 

 

11 
CHO: 

p =0.35 
0.494 –3.39 

–2.44 
 

0.55 
 

0.79, 1.20 

 

12 
Me: 

p = –0.17 
0.219 –3.48 

–2.75 
 

0.25 
 

1.24 

 

13 
Cl: 

m = 0.37 
0.257 –3.45 

–2.56 –2.72 
 

0.29 
 

1.24 

 

14 
CN: 

p = 0.66 
0.281 

–2.86 
–3.12 

–2.20  –2.48 
 

0.32 
 

1.29 

 

15 
cyclohexyl 

p = –0.15 
0.185 –3.57 –2.82 0.23 1.23 

 

16 
Furyl 

p = 0.02/0.06 
0.231 

–2.98 
–3.14 

–2.74 0.27 1.26 

 
Results and Discussion 

 

Synthesis 

All compounds were synthesized according to previously 

reported procedures,[81-85] starting from ferrocenyl aldehydes, 

which were (stereo-)selectively lithiated in ortho-position 

followed by reaction with the appropriate phosphorus 

electrophile. The various vinyl functionalities were introduced 

using Horner-Wadsworth-Emmons (HWE) reactions of 

ferrocenyl aldehydes with phosphonates. Oxidation of the PIII 

into the respective PV sulphides was performed by stirring of 

the parent compound with elemental sulphur. Substituents in 

1’-position were introduced as described recently. For further 

details see the Experimental Section and the Supporting 

Information (section SI.2). 

 

Electrochemical investigation of the planar chiral ferrocenyl 

family as racemates 

The series of chiral ferrocene racemates shown in Table 1 

was investigated electrochemically, including both oxidative 

and reductive features. The chosen measurement conditions 

were 0.1 M [NBu4][PF6] in acetonitrile as the supporting elec-

trolyte, which is an appropriate medium for the subsequent e-

nantiodiscrimination experiments on electrodes modified with 

oligo-(Sa)-BT2T4 films (see below). In contrast, dichlorometha-

ne, while resulting in easier ferrocene compound solubility, 

would be less convenient for operating the oligo-(Sa)-BT2T4 

films on account of lower stability of the latter.[41] Moreover, it 

would prevent observation of the reductive features, on ac-

count of CH2Cl2 reduction at relatively mild potentials.  

Key parameters of the CV patterns (reported as a gallery in SI. 

4) are summarized in Table 1. For comparison, data are also 

provided for a series of first oxidation formal potentials for-

merly observed in CH2Cl2 for compounds 1–6 [74], as well as 

for triphenylphosphane sulphide (I) and diphenylferrocenyl-

phosphane sulphide (II) [86] together with its parent PIII-

derivative III [86,87], in CH3CN and/or CH2Cl2.[74] Relevant 

values of Hammett's constants [88] are also included.  

Oxidation 

In most cases, except for aldehyde 11, the first oxidation pro-
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cess appears electrochemically reversible or quasi reversible, 

since peak potentials are nearly constant with increasing scan 

rate (details in SI.4) pointing to facile electron transfer. 

Moreover, such peaks correspond to single electron pro-

cesses (considering half-peak widths) and are chemically 

reversible. Accordingly, Table 1 provides both peak potentials 

(EIA) and formal potentials (E°'Fc), the latter calculated as the 

average of forward and backward peaks. The peak features 

and the small slopes of the linear trends in systematic series 

of formal potentials with Hammett's  parameters (Figure 3), 

pointing to a significant distance between substituent and 

redox site, are consistent with the first oxidation involving the 

ferrocene site. While switching to CH2Cl2 as working medium 

(orange series, in Figure 3) results in a linear fit similar to one 

for CH3CN, but with higher slope, consistently with the lower 

solvent shielding effect.  

Figure 3. Hammett relationships for the formal first (ferrocenyl-based) 

oxidation potentials E°'Fc (red) and the first reduction peak potentials EIC 

(blue) of a series of planar stereogenicity chiral ferrocenes. Top: altering 

the substituents on the phenyl ring of the styrene system (1, 2–6, upright 

characters) and 1'-substituted ferrocenyl derivatives (7–9, italic characters). 

Bottom: altering the substituents of the phenyl groups in the phosphinyl 

moiety (1, 12–14). 

The peak potential values of 0.22–0.32 V vs unsubstituted 

Fc+|Fc are quite justified by the presence of the highly 

electron withdrawing PV group S=PPh2 (p= 0.47) compared 

to PIII in PPh2 (p = 0.19), whereby the weakly electron 

donating styrene group is less determining (p = –0.07). The 

only exception is observed for aldehyde 11, displaying an 

electrochemically irreversible behavior. The first oxidation 

process is anodically shifted to 0.49 V vs Fc+|Fc, due to the 

strong electron-withdrawing character of the formyl 

functionality (p = 0.42). Moreover, the peak appears nearly 

chemically irreversible, pointing to a chemical follow up 

reaction, the only case in the series, which could be justified 

by the much more positive potential and/or by some 

involvement of the aldehyde group besides the ferrocene one 

(although oxidation of the formyl group could correspond to 

the second oxidation peak at 0.79 V). Anisyl derivative 2 also 

exhibits a further redox process, observed at 0.87 V, most 

likely occurring at the methoxyphenyl group. The 1’-

functionalized ferrocene 7, bearing two phenyl vinyl 

functionalities, shows a process at 0.91 V, for which an 

intramolecular -stacking might be involved. 

All compounds exhibit a further process at ~1.2 V vs Fc+|Fc 

which closely matches the oxidation peak potential of 

S=P(Ph)3 itself (Table 1 and SI.4 section in SI). 

Reduction 

Unlike the first oxidation peaks, first reduction events appear 

chemically irreversible and, in most cases, also electroche-

mically irreversible. However, they also can be correlated in 

systematic sequences in terms of potential vs  linear 

regressions (Figure 3). For instance, for the series with 

different substituents on the styryl group (parent 1 plus 2–6) a 

linear Hammett plot is observed (Figure 3 top). Compared 

with the correlation of the first oxidation peaks, the slope is 

much higher, pointing to first reductions taking place in 

proximity of, or directly at, the respective phenyl substituent. 

This assumption is also supported by the peculiar two-peak 

reduction patterns observed for specific cases like 4 

(chlorophenyl substituent) and 6 (acyl substituent). In 

particular, in the first case first reduction must correspond to 

the carbon-chloride reductive cleavage[89], while in the second 

case it should be mostly centered on the formyl group, a 

feature that would justify why the acyl derivative 6 does not 

correlate with the Hammett plot of the related compounds 2–5 

(Figure 3 top). 

 It is worthwhile noticing that the reduction potentials appear 

by far less negative than the corresponding simple substituted 

benzenes (for example, benzonitrile reduction takes place at 

about -2.8 V vs Fc+|Fc on GC in CH3CN + 0.1 M [NEt4][BF4] 
[90]), as reasonable considering that in this case the benzene 

ring is part of an extended conjugated system, including the 

double bond and the ferrocene ring itself, bearing the highly 

electron attracting P=S group. Concerning reduction of the 

phosphane sulphide group, it might correspond to the second 

reduction peak system, falling in the range between –2.88 V 

and –3.10 V (Table 1), which is similar to triphenyl phosphane 

sulphide itself (–2.9 V vs Fc+|Fc).  

Figure 3 (top) also includes the three cases of 

functionalization on the second cyclopentadienyl ring. While 

the presence of trialkylsilyl groups in 1' position (8,9) is 

practically unperceivable in respect to the parent case, 

consistent with a Hammett constant close to zero, a styrene 

group (7) results in a more positive reduction peak and a 

more negative oxidation peak (i.e. both easier oxidation and 

reduction), which can be justified in terms of a mesomeric 

effect as a result of extended conjugation, possibly also via  

stacking. This might also explain the double peak system 

(see SI 2), which might account for two near-equivalent redox 
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centres (i.e. the two styrene-cyclopentadienyl moieties) 

reciprocally interacting, although the presence of the electron 

attracting phosphane sulphide on one of the conjugated 

systems may also contribute to the potential difference.  

Similarly, changing the substituents on the phenyl groups on 

the phosphane sulphide site (parent 1 plus 12–14, Figure 3 

bottom), dominantly impacts the reduction potentials (higher 

slope in the Hammett correlation), whereas the ferrocenyl-

based oxidation process is far less affected. This suggests 

that in this sub-series, the first reduction process moves on 

the thiophosphinyl groups, in particular the aryl substituents. 

Notably, the reduction potentials are very similar to the former 

series. In this case, the positive shifts of the reduction 

potentials, with respect to simple substituted benzenes, can 

be justified by the adjacent electron atracting phosphane 

sulphide group. Again, the expected complex pattern starting 

with C–Cl bond cleavage is observed for chlorophenyl group 

reduction in 13. The two reversible one-electron peak 

systems observed in the cyanophenyl case 14 might point to 

a couple of equivalent interacting redox sites, namely the two 

gem-p-CN-C6H4 substituents of the phosphane sulphide. This 

hypothesis could also explain why the Hammett correlation is 

intermediate between the two first reduction peak potentials.  

In case of non-substituted phenyl rings (1), the challenge is to 

understand the reduction sequence between, on one side, the 

phosphane sulphide site, and on the other side the phenyl 

terminal of the opposite styryl conjugated system. Taking 

triphenyl phosphane sulphide (I) as benchmark for the 

electrochemical activity of the P=S group (Ep Ic = –2.90 V vs 

Fc+|Fc, Table 1), and considering that addition of the weakly 

electron donating ferrocenyl substituent could result in a 

negative shift of the signal, we assume the first reduction 

peak of the ferrocene derivatives (more positive than –2.82 V 

vs Fc+|Fc for all styryl-bearing compounds, Table 1) to 

correspond to an aromatic group rather than to P=S reduction. 

Vice versa, phenyl group reduction, usually located at more 

negative potentials, as above mentioned, could be promoted 

in the present compounds, either, on one molecule side, by 

the strongly electron attracting character of the phosphane 

sulphide group or, on the other side, by extended  

conjugation (also evident in the case of an analogous 

compound with a ferrocenyl group replacing the phenyl one in 

the stiryl system [74]). Actually, the parent compound 1 appe-

ars to fit on both Hammett correlations together with 

substituted relatives (12–14 in one case, 2–6 in the other 

case). Thus, first reduction could indeed involve a phenyl ring; 

to decide which one, it is interesting to note that: 

i) replacement of phenyl by furyl substituents (compare 1 to 

16) only results in slight changes in the CV pattern on both 

sides;  

ii) changing from aromatic to aliphatic phosphane sulphide 

substituents (compare 1 with 15), the second reduction 

system at -2.93 V disappears. Thus it should correspond to 

the reduction of the phenyl groups on the phosphane sulphide 

site, while the first reduction peak at –2.82 V, still consistent 

with the Hammett straight line, should correspond to the 

reduction of the phenyl group of the styrene moiety. Thus, the 

second reduction of 15 at –3.57 V should correspond to the 

reduction of the alkyl phosphane sulphide group, which could 

be significantly less favoured with respect to the aryl case 

consistently with the well-known higher oxidability of alkyl 

phosphanes compared to aryl ones. 

iii) Replacing the styryl moiety with an hydroxymethyl one 

(compound 10), locates the first reduction peak at –3.04 V, 

very close to prototypical triphenylphosphane sulphide –2.90 

V. Vice versa, a formyl group in the same position (compound 

11) results in a remarkable positive shift of the first reduction 

(–2.44 V), since the process specifically concerns the 

aldehyde group. 

In conclusion, the above clues point to consider the phenyl 

unit of the styrene moiety as the most easily reducible site (–

2.7 V vs Fc+|Fc) in the prototype 1. 

Concerning interpretation of the phenyl sulphide group 

reduction, a puzzling feature is the splitting observed in many 

cases for the second reduction peak, which might even 

account for interacting redox centers (the aryl substituents), 

but is hard to analyze, being so close to the background. 

Among the investigated racemic ferrocenes, we have 

carefully selected six terms to be separated by preparative 

chiral HPLC and employed as model probes for the enantio-

selection voltammetry tests: 1, the parent compound; 5 and 

14, to evaluate the effect of the same substituent in the sty-

rene vs the phosphane sulphide moiety (notably -CN, also 

potentially acting as valuable coordination site in 

stereoselective analysis and catalysis); 16, to compare 

heteroaromatic vs aromatic phosphane sulphide substituents; 

15, to compare aliphatic vs aromatic phosphane sulphide 

substituents; and 7, a case in which the styrene units could 

be reciprocally engaged in -stacking. 

 
Separation of the ferrocenyl chiral probes into pure 
enantiomers by chiral HPLC 

The chromatographic enantioseparations of the chiral 

ferrocenes were carried out using the polysaccharide-based 

Chiralpak IG-3 CSP in combination with normal-phase 

eluents. In the Chiralpak IG-3 CSP the chiral selector 

amylose tris(3-chloro-5-methylphenylcarbamate) is immobili-

zed onto 3 μm particles of silica. Two types of binary mixtures 

were used as mobile phases, namely n-hexane/2-propanol 

60:40 for the compounds 1, 7, 15, 16, and n-hexane–/2-

propanol 40:60 for 5 and 14.  

As shown in Figure 4 (left column) an excellent enantiomer 

separation was achieved in all cases, significantly modulated 

by the ferrocenyl substituents. Indeed the compound family 

can provide an attractive model case for a fundamental HPLC 

study concerning planar stereogenicity compounds, a topic so 

far surprisingly underexplored. The described process was 

scaled-up to a semipreparative level, where both enantiomers 

could be collected in multi-milligram quantities, by performing 

injections of about 10–20 mg of racemic samples on a 10-mm 

I.D. Chiralpak IG column. All enantio-separations were 

achieved in non-overlapping band conditions, and the 

analytical control of the collected fractions results in an ee of 

>99% for both enantiomers and excellent recovery rates 

between 90% and 95%.  

In order to determine the enantiomer elution order, dichloro-

methane solutions of the collected enantiomers were submit-

ted to circular dichroism (CD) analysis. As reported in Figure 

4 (right column) the shape and the absorption maxima of the 

CD spectra of the first eluting enantiomers of chiral com-

pounds are strictly correlated with those of the less retained 
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(Sp)-enantiomer of 1 and 16. For both, enantiopure samples 

could be used for comparison, synthesized according to a 

previously reported procedure.[77] Therefore, the empirical CD 

correlation method indicates that all ferrocene analogues 

studied exhibit the same sense of chiral recognition, and 

consequently the same enantiomer elution order on the 

Chiralpak IG CSP with preferential retention of the (Rp)-

enantiomer. 

 
Figure 4. Chiral HPLC separation of the selected probes and circular 

dichroism spectra of the isolated fractions. 
 

Enantiorecognition in CV experiments 

The enantiopure antipodes of the six selected planar-

stereogenity ferrocenes have been studied in CV experiments 

on a GC (GC = Glassy Carbon) electrode modified with 

inherently chiral electroactive oligo-(BT2T4) films, 

potentiodynamically electrodeposited in CH3CN solutions 

containing 0.1 M [NBu4][PF6] as supporting electrolyte along 

the protocol described in the Experimental Section. An 

example of CV patterns for both, electrodeposition and 

stability check, steps is reported in SI.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Enantiodiscrimination experiments with planar stereogenicity  

probes as enantiopure (Sp) and (Rp) antipodes. CV patterns on a GC 

electrode modified with oligo-(R)-BT2T4 films (left, also providing reprodu-

cibility tests as superimposed CV curves) and oligo-(S)-BT2T4 films (right).  
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Figures 5a and 5b provide a synopsis of the first oxidation CV 

peaks observed for the (Sp) and the (Rp) enantiomers (red  

and blue, respectively) of ferrocenes 1,5,7,14,15,16 selected 

as probes on oligo-(Ra)-(BT2T4) (left column) and oligo-(Sa)-

(BT2T4) surfaces (right column). 

Contrary to (S)-(−)- and (R)-(+)-N,N-dimethyl-1-ferrocenyl-

ethylamine, a standard chiral ferrocenyl probe with central 

stereogenicity, which undergoes first oxidation well before the 

film oxidation, and usually results in (quasi) canonical, 

reversible peaks on oligo-(BT2T4) films [35,36,45], the first 

oxidation process of the planar-stereogenicity probes is 

shifted to the onset of the film oxidation, on account of the 

highly electron attracting phosphane sulphide substituent, as 
discussed earlier. This can justify the irreversible, non-

canonical first oxidation peak shape, quite different from the 

bare electrode case. Actually, the ferrocenyl-based oxidation 

process also appears to have some effect on the film 

oxidation onset, which is usually very reproducible, while it 

shows significant differences in the considered cases. 

Nevertheless, a significant peak potential difference is 

observed for the two enantiomers in all the six probe cases, 

neatly specular upon inverting either probe or surface 

configuration.  

 
In particular, specular (i.e., energetically equivalent) 

combinations A (Sp)-probe+(Ra)- and (Rp)-probe+(Sa)-selector, 

respectively, have their first oxidation at a less positive 

potential with respect to specular combinations B (Rp)-

probe+(Ra)- and (Sp)-probe+(Sa)-selector. Actually, the A and 

B combination couples are reciprocally in a diastereomeric 

relationship, which implies an energy difference, which is 

affected by the probe substituents. 

Notably, the same sequence of configuration combinations 

applies to all the six selected cases; thus, the considered 

structural and electronic modifications in respect to the parent 

molecule 1 do not basically alter the probe-selector configura-

tional matching. However, they appear to remarkably 

modulate the energy difference between the A and B diaste-

romeric couples. In particular, taking as benchmark the CV 

patterns of the parent probe 1 enantiomers (couples A at 

0.27 V; couples B at 0.33 V; 50 mV separation), 

• in the furyl case 16 the peak difference is only slightly 

higher (couples A at 0.32 V; couples B at 0.38 V; 60 mV 

separation)  

• the peak difference is significantly narrower in the 

cyclohexyl derivative 15 (couples A at 0.30 V; couples B at 

0.33 V; 30 mV separation) and in the double styrene case 

7 (couples A at 0.30/31 V; couples B at 0.33 V; 20/30 mV 

separation);  

• conversely, the peak difference is remarkably larger in 

both nitrile cases. Compound 14: couples A at 0.35/0.36 V; 

couples B at 0.43/0.44 V; 70/90 mV separation. Compound 

5: couples A at 0.18 V; couples B at 0.28/0.30 V; 100/120 

mV separation. 

Actually, assuming probe-selector matching elements to 

consist i) on the conjugated systems (with related  

conjugation/stacking effects), and ii) on the heteroatoms (with 

related lone pair availability), both largely present in our 

model cases, and strictly related to the stereogenic elements, 

the above listed peak differences could be justified as follow: 

• the number of available matching elements decrease 

changing the phenyl substituents (parent compound 1) into 

alkyl ones (compound 15); 

• according to the above assumed engagement of both 

styrene groups in reciprocal  interaction in compound 7, the 

availability of these groups for chiral matching should be 

much lower in 7 respect to 1; 

• conversely the nitrile substituents in 5 and 14 provide 

powerful additional matching elements (particularly effective 

in 5, maybe on account of higher availability). Also the slight 

improvement observed with furyl blades (in 16) might be 

related to the additional heteroatoms. 

 

Conclusion 

Sixteen planar-stereogenicity ferrocenes, important e.g. as 

chiral ligands in stereoselective catalysis, are here 

characterized in terms of relationships between structure and 

electronic properties, including reduction processes, usually 

neglected in this compound family. For a rationally selected 

group, enantiopure antipodes are obtained by semipre-

parative chiral HPLC separation and eventually successfully 

discriminated by oligo-BT2T4 inherently chiral electrodes, in 

terms of significant potential differences, specular inverting 

probe or selector configuration, pointing to significant energy 

differences between diastereomeric probe-selector 

combinations. Substituent changes do not alter the 

enantiomer peak sequence, neither in HPLC elution nor in 

electrochemical tests, but significantly modulate the peak 

potential difference between antipodes of the same probe in 

the potentiodynamic scans, in a way which appears 

consistent with the availability of chiral/selector matching 

elements. 

The general effectiveness of inherent chirality selectors is 

thus confirmed, since it also applies to planar stereogenicity 

probes. As an additional bonus, the chosen systematic case 

series suggested attractive clues on the matching elements 

involved in the enantiorecognition process. Indeed planar 

stereogenicity ferrocenes are outstanding models for 

enantiodiscrimination mechanistic studies, in both 

voltammetry and chromatography, worthy of further 

investigations, both widening the model case series and in 

synergy with computational and chiroptical approaches. 

 

Experimental Section 

Synthesis. 
 
The parent PIII phosphines of compounds 1,[75] 2–6,12–13,15,16,[74] 7–
9,14,16[82] and 10,11[83-85] were synthesized according to published 
procedures. The herein applied PV-sulphides were obtained by stirring 
of the parent PIII phosphines with an excess of elemental sulphur in 
dichloromethane or tetrahydrofuran according to literature. [74,80] 

The synthesis of the hitherto not reported compounds 7–9 is given in 
the Supporting Information. Compound I is commercially available 
(Sigma Aldrich). 
 
Chiral HPLC.  
The HPLC apparatus used for analytical enantioseparations consisted 
of a PerkinElmer (Norwalk, CT, USA) 200 LC pump equipped with a 

Rheodyne (Cotati, CA, USA) injector, a 50 L sample loop, an HPLC 
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PerkinElmer oven and a PerkinElmer detector. The signal was 
acquired and processed by Clarity software (DataApex, Prague, 
Czech Republic). In analytical separations, fresh standard solutions of 
racemic samples were prepared shortly before using by dissolving 
about 1 mg of analyte in 10 mL of mobile phase. The injection volume 

was 20 L. 
For semi-preparative separation, a PerkinElmer 200 LC pump 

equipped with a Rheodyne injector, a 5000 L sample loop, a 
PerkinElmer LC 101 oven and Waters 484 detector (Waters 
Corporation, Milford, MA, USA) was used. The feed solution for 
milligram-scale enantioseparations was prepared by dissolving 10-20 
mg of racemic ferrocenes in 1 mL of acetone and diluting the solution 
with 4 mL of mobile phase. 
Electrochemistry 
Cyclic voltammetry experiments were performed using an Autolab 
PGSTAT potentiostat (Eco-Chemie, Utrecht, The Netherlands), 
controlled by a PC with the GPES software provided by the same 
manufacturer. The three-electrode V-shaped minicell (with 3 cm3 of 
solution) included a glass-embedded glassy carbon disk (GC, 
Metrohm, S = 0.033 cm2) as working electrode, a Pt disk as counter 
electrode, and an aqueous saturated calomel (SCE) as reference 
electrode, inserted in a compartment filled with the working medium 
and ending with a porous frit, to avoid water and KCl leakage into the 
working solution. The optimized preliminary polishing procedure for 
the GC disk electrode consisted in treatment with a diamond powder 
of 1 μm diameter (Aldrich) on a wet DP-Nap cloth (Struers). 
The characterizations of the ferrocene derivatives as racemates were 
performed at scan rates in the 0.02-2 V/s range, on 0.001-0.0005 M 
probe solutions in acetonitrile, CH3CN (Aldrich, HPLC grade), with 0.1 
M tetrabutylammonium hexafluophosphate (NBu4PF6) as supporting 
electrolyte (Fluka, ≥98 %), applying ohmic drop compensation by the 
positive feedback method and referring the potentials to the Fc+|Fc 
redox couple (the intersolvental standard recommended by IUPAC 

[23]) measured in the same conditions (0.39 V vs SCE). 
Electrodepositions of conducting chiral (Ra)-oligo-BT2T4 and (Sa)-
oligo-BT2T4 films were performed by repeated 36 CV cycles at 0.05 
V/s scan rate on the GC disk electrode with 0.00075 M solutions of 
the corresponding enantiopure (Ra)- or (Sa)-BT2T4 monomer, in 
CH3CN with 0.1 M NBu4PF6 supporting electrolyte. The enantio-
discrimination experiments were performed with enantiopure chiral 
probes 1,5,7,14,15,16 at 0.05 V/s scan rate in 0.001 M solutions of 
the probe in CH3CN + NBu4PF6 0.1 M as supporting electrolyte. 
Reproducibility tests were performed by repeatedly recording the CV 
patterns of model probes on freshly deposited chiral surfaces. 
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