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Preface to ”Chiral Auxiliaries and Chirogenesis II”

Chirality is an inevitable property of our universe, having an enormous impact in different fields 
ranging from nuclear physics and astronomy to living organisms and human beings. Furthermore, 
chirality has important applications in various technological processes including pharmaceutical and 
agrochemical manufacturing. Therefore, in order to highlight the importance of this phenomenon 
in chemical science, the first Special Issue on “Chiral Auxiliaries and Chirogenesis” was launched in 
2017 [1]. This Special Issue has attracted much attention from the scientific community and resulted 
in a high scientific impact, on the basis of the articles’ access statistics and citation indexes (with up 
to 25 citations as of April 16th 2021 [2]).

This success prompted us to initiate a subsequent Special Issue entitled “Chiral Auxiliaries 
and Chirogenesis II” on the same subject in 2019, which was completed in 2021. The aim of this 
second Special Issue, which consisted of one review paper and six research articles, was to address 
some particular aspects of chiral auxiliary and chirogenesis which were not covered by the first 
Special Issue.

In particular, Trubitsõn and Kanger, in their review [3], described new methodologies for the 
synthesis of chiral N-functionalized indoles. The synthesis of enantioenriched indole derivatives 
is of great importance in organic chemistry, especially in light of their potential application in 
the pharmaceutical industry. The review illustrated efficient applications of organocatalytic and 
organometallic strategies for the construction of chiral α-N-branched indoles. Both the direct 
functionalization of the indole core and indirect methods based on asymmetric N-alkylation of 
indolines, isatins, and 4,7-dihydroindoles were discussed.

Another important class of chiral molecules is macrocycle compounds. Recently, the chirality 
of a novel group of emerging host molecules, pillar[n]arenes, has attracted increasing attention 
due to their potential applications for chiral induction, molecular recognition, and asymmetric 
catalysis. In the research communication [4], Xiao et al. reported the synthesis and successful 
resolution of planar (PR)- and (PS)-enantiomeric Boc-protected pillar[4]arene[1]diaminobenzene. 
Their racemization kinetics were studied. It was shown that hexane and CH2Cl2 can maintain the 
enantiomeric forms for long periods, because of the complexation of the solvent molecules with the 
cavity of pillar[4]arene[1]diaminobenzene. The racemization process was accelerated by increasing 
the temperature or the use of solvents that cannot thread into the cavity of these molecules or can 
destroy intramolecular hydrogen bonds. This study has provided, for the first time, thermodynamic 
parameters of the pillararenes in different solvents that will serve as an important guideline in 
studying the conformational properties of pillar[n]arenes.

A crucial problem of self-induced diastereomeric anisochronism (SIDA) in NMR has been 
addressed by Baumann et al. in their feature article [5]. This phenomenon may occur when chiral 
molecules that associate in solution in a dynamic equilibrium that is fast on the NMR timescale have 
significant condition-dependent NMR chemical shifts. This study was carried out by using alcohol 
and ester derivatives and highlighted the potential problems that SIDA can cause. Additionally, 
scalemic samples of both the alcohol and ester compounds were firstly reported to exhibit the 
self-disproportionation of enantiomers phenomenon by preparative TLC.

Chiral porphyrinoids have important implementations in the fields of chiral sensors, biomimetic 
functions, asymmetric catalysis, and other applications. Setsune et al. [6] described the synthesis 
and magnetic properties of linear trinuclear CuII and NiII complexes of porphyrin analogs embedded
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with chiral binaphthol units. It was found that the observed paramagnetic shifts in the pyrrolic ligand 
and the binaphthyl ligand could be used to estimate spin delocalization from the terminal metal and 
the central metal, respectively, and these paramagnetic 1H NMR data were consistent with the spin 
densities calculated. Additionally, the strong antiferromagnetic coupling observed for both CuII

3 and 
NiII

3 complexes could be ascribed to the unique coordination geometry that was also responsible 
for the reversible ligation of butylamine only at the central metal ion without decomposition of the 
trinuclear core. The reported multinuclear complexes of an enantiomerically pure helical porphyrin 
analog are expected to lead to further exploration of the helical multinuclear complexes.

Further expansion of supramolecular chirogenesis was examined by Osadchuk et al. 
in [7]. In particular, a comprehensive study on the complexation of ethane-bridged bis(zinc 
octaethylporphyrin), as a host, with a chiral guanidine derivative, as a guest, was carried out by 
means of ultraviolet–visible and circular dichroism absorption spectroscopies, single crystal X-ray 
diffraction, and computational simulation. The formation of a 1:2 host–guest complex was established 
by X-ray diffraction and spectroscopic titration studies. Such supramolecular organization of the 
complex results in a screw arrangement of the two porphyrin subunits, inducing a strong circular 
dichroism signal in the porphyrin Soret band region. The corresponding computational studies 
were in a good agreement with the experimental results. This study was one of the rare examples 
of comprehensive circular dichroism analysis of chirality induction in bis-porphyrins caused by 
external chiral ligands, which can be a benchmark approach for the rationalization of supramolecular 
chirogenesis in bis-porphyrins. Furthermore, the obtained results demonstrate the necessity of careful 
consideration of all external and internal factors that influence the supramolecular organization of a 
complex to attain the best match between experimental and simulated circular dichroism spectra.

In a related chirogenic study, Mądry et al. reported a new sensitive stereodynamic reporter for 
primary amines operating on the basis of the point-to-axial chirality mechanism [8]. The through-

space inductor–reporter interactions forced a change in the chromophore conformation toward one 
of the diastereomeric forms. The structure of the reporter, with the terminal flipping biphenyl 
groups, led to generating Cotton effects in both lower- and higher-energy regions of the circular 
dichroism spectrum. The reporter system turned out to be sensitive to the subtle differences in the 
inductor structure. Despite the size of the chiral substituent, the molecular structure of the inductor–

reporter systems in the solid state showed many similarities. The most important one was the 
tendency of the core part of the molecules to adopt a pseudocentrosymmetric conformation. 
Supported by a weak dispersion and Van der Waals interactions, the face-to-face and edge-to-face 
interactions between the π-electron systems present in the molecule were found to be responsible for 
the molecular arrangement in the crystal.

The last article in this Special Issue, by Fujiki et al., was devoted to one of the most fundamental 
questions of chirogenesis [9]. It is known that non-charged semi-flexible and rod-like helical 
copolymers and π–π molecular stacks reveal sergeants-and-soldiers (Ser-Sol) and majority-rule (Maj) 
effects in dilute solutions and as a suspension in fluidic liquids. A question remained unanswered as 
to whether the Ser-Sol and Maj effects between non-charged rod-like helical polysilane copolymers 
and non-charged, non-helical π-conjugated homopolymers occur when these polysilane copolymers 
encounter the π-polymer in the co-colloidal systems. Based on different types of chiral polysilane 
copolymers and detailed analyses of circular dichroism and circularly polarized luminescence results, 
this paper discussed the origins of noticeable non-mirror-symmetrical Ser-Sol and Maj effects in 
terms of macroscopic parity violation that differed from rigorous criteria of a molecular parity 
violation hypothesis. The comprehensive helicity/chirality transfer experiments in the artificial
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helical/non-helical polymer co-colloids in the tuned refractive index optofluidic media may lead to

possible answers to several unresolved questions in the realms of molecular biology, stereochemistry,

supramolecular chemistry, and polymer chemistry: (i) whether mirror symmetry on macroscopic

levels is rigorously conserved, (ii) why nature chose L-amino acids and five-membered D-furanose

(not six-membered D-pyranose) in DNA/RNA?

While this Special Issue has just been completed, the scientific interest in the published articles is

constantly increasing, on the basis of the articles’ statistics (with up to four citations as of April 16th

2021 [10]). This may result in a new Special Issue covering additional chirality topics to be launched

in Symmetry in the near future.
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Enantioselective Catalytic Synthesis
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Abstract: During the past two decades, the interest in new methodologies for the synthesis of
chiral N-functionalized indoles has grown rapidly. The review illustrates efficient applications of
organocatalytic and organometallic strategies for the construction of chiral α-N-branched indoles.
Both the direct functionalization of the indole core and indirect methods based on asymmetric
N-alkylation of indolines, isatins and 4,7-dihydroindoles are discussed.

Keywords: indole; asymmetric synthesis; organocatalysis; transition-metal catalysis; C-N bond
formation; enantioselective; heterocycles

1. Introduction

Heterocyclic compounds are of great interest in medicinal chemistry. According to the U.S. Food
and Drug Administration database, approximately 60% of unique small-molecule drugs contain a
nitrogen heterocyclic motif [1]. The indole core is the most common nitrogen-based heterocyclic
fragment applied for the synthesis of pharmaceutical compounds and agrochemicals [2]. The indole
moiety can be found in a wide range of natural products [3]. Therefore, some biologically active indoles
contain a substituted α-chiral carbon center on the N1-position (Figure 1) [4–7].

α β

 
Figure 1. Biologically active chiral α-N-branched indoles.

Symmetry 2020, 12, 1184; doi:10.3390/sym12071184 www.mdpi.com/journal/symmetry1



Symmetry 2020, 12, 1184

The synthesis of enantioenriched indole derivatives is of great importance in organic chemistry.
During the past two decades, different strategies have been proposed for the construction of chiral
indole derivatives [8–11]. The most typical synthetic modifications of indoles take place at the C3
position (Scheme 1). The enantioselective electrophilic substitution at C3 is common due to the high
nucleophilicity of this position, which is 1013 times more reactive than benzene [12,13]. In contrast to
enantioselective C3 transformations, the stereoselective N-alkylation of indole is still a challenge due
to the weak nucleophilicity of the nitrogen atom (Scheme 1). Despite this, a number of publications
have been published recently that demonstrate new synthetic routes affording chiral N-substituted
indole derivatives. In this review, we will introduce and discuss methodologies that provide catalytic
stereoselective derivatization at the N-atom of indole.

 

Scheme 1. Regioselectivity of the asymmetric functionalization of indoles.

On a structural basis, the strategies for the construction of α-N-branched indoles can be classified
into two groups: “direct methods” and “indirect methods” (Scheme 2). In the former case, indole
derivatives are transformed by transition-metal catalysis or by organocatalysis into chiral compounds
(Scheme 2, I). If the structure of the starting compound does not contain an indole moiety, the methods
are defined as indirect methods (Scheme 2, II). The indirect methods are subdivided according to
the structure of the starting compound and the modifications occurring during the synthesis of
α-N-branched indoles (Scheme 2, II). There are several ways to prepare N-functionalized indoles
indirectly. This review covers the asymmetric N-alkylation of indolines, isatins and 4,7-dihydroindoles,
followed by a redox reaction, which provides the corresponding N-alkylated indoles (Scheme 2, III,
IV and V respectively).

Scheme 2. Strategies for the enantioselective N-functionalization of indoles.

2. Direct Organocatalytic Methods

During the past two decades, organocatalysis has become a powerful methodology in
enantioselective synthesis [14–17]. In the first part of this review, the direct methods of the stereoselective
N-alkylation of indoles based on organocatalysis are discussed. Various electrophiles and different
types of organocatalysts have been used to achieve targets with high enantiomeric purities (Scheme 3).

2
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Scheme 3. Direct organocatalytic derivatization of indole.

2.1. N-Allylations with Morita-Baylis-Hillman Adducts

Chen and co-workers proposed applying Morita-Baylis-Hillman (MBH) tert-butoxy carbonates
1 as electrophiles in a reaction with indole derivatives 2 (Scheme 4, I) [18]. The activation of MBH
adducts with a chiral tertiary amine generates in situ tert-butoxy anion which is responsible for the
deprotonation of the indole at the N-position. The screening of the reaction revealed that the reaction
could be smoothly catalyzed by cinchona alkaloid derived ether 4 (Figure 2) in mesitylene. The substrate
scope was performed with either electron-rich or electron-deficient indoles, providing products with
moderate to excellent enantiomeric excesses (62–93%). Moreover, the methyl pyrrole-2-carboxylate
was examined as a nucleophile, providing the N-substituted product with a good yield (80%) and
moderate ee (73%). The C2- and C7-brominated N-allylated indoles can be further converted into fused,
cyclic indole systems (Scheme 4, II).

 

Scheme 4. The reaction of indole derivatives and Morita–Baylis–Hillman (MBH) carbonates.
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Figure 2. Chiral Lewis base catalysts.

Shi et al. reported an effective method in which C2-cyano-substituted pyrroles and indoles
2 were subjected to a reaction with O-Boc-protected MBH adducts 1 in the presence of a catalyst
5 [19]. They obtained corresponding N-allylated products 3 under optimal conditions with good to
high yields (up to 99%) and moderate to high ee values (up to 96%). Compared with Chen’s work,
the introduction of a cyano group at the C2-position of pyrrole instead of a methyl carboxylate group
had a positive impact on the reaction stereoselectivty (73% ee vs. 92% ee) and yield (80% vs. 92%). In the
case of indoles, only 2-cyanoindole was examined. The ees and yields of the reactions were slightly
improved. It should be noted that Chen’s group applied indoles with both electron-withdrawing and
electron-donating groups, but Shi’s method was limited to 2-cyanoindoles.

A new method for the activation of pyrroles, indoles and carbazoles was proposed by Vilotijević
et al. in 2019 [20]. The silyl-protected indole derivatives 6 can act as latent nucleophiles in the
presence of a chiral Lewis base catalyst 4. Latent nucleophiles are compounds that are not nucleophilic,
but can be converted into strong nucleophiles when activated. The modification of MBH carbonates by
replacing the O-Boc group with a fluoro group affords a new type of fluorinated MBH adducts 1a,
which are the source of fluoride ions needed for the desilylation of the indole derivative. The authors
performed a mechanistic study and their proposed mechanism is outlined in Scheme 5. The elimination
of fluoride ions occurs during the activation of the MBH adduct with catalyst 4. At the same
time, fluoride ions deprotect N-silylindole derivatives. As a result, simultaneous activated pairs of
electrophiles/nucleophiles occur and the enantioselective N-alkylation of an indole proceeds with
excellent regioselectivity and moderate to high enantioselectivity (up to 98%) with a yield up to 98%.

 

Scheme 5. The use of a latent nucleophile.

2.2. N-Selective Additions to α-Oxoaldehydes

The chiral N,O-aminal indole structural motif can be found in natural products and pharmaceutical
compounds [4,5]. Recently, two organocatalytic approaches to the synthesis of N,O-aminals with
indole skeletons were reported (Scheme 6) [4,21]. In both methods, ethyl glyoxylate derivatives 9

were used as electrophiles, but different types of organocatalysts were used. Activation with both a
chiral Lewis base and a Lewis acid was exploited efficiently for the same reaction (Scheme 6). Based
on the achiral method for the preparation of N,O-aminals of indole derivatives in the presence of a
Brønsted base (DABCO), Qin elaborated an asymmetric version of the reaction [21]. The catalytic
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system derived from BINOL-derived polyether 11 and potassium fluoride provides N,O-aminals with
high ee (up to 91%) and with high yields (up to 90%) (Scheme 6, I). Only two examples of an asymmetric
reaction were demonstrated. The second approach illustrates the application of a SPINOL-based chiral
phosphoric acid 12 in the N-selective alkylation of indole derivatives 8 (Scheme 6, II) [4]. Differently
substituted indole derivatives (substitution at both rings) were applied as nucleophiles, affording
products with good to excellent enantiomeric excess (up to 99%) and with moderate to high yields (up
to 96%). The exception was the product of a 7-fluorosubstituted indole obtained with a 55% yield and
76% ee. The authors concluded that the decrease in stereoselectivity and in the yield of the reaction
can be explained by the steric hindrance of the substituent at the C7 position. The transition state
of the reaction is outlined in Scheme 6, III. The ethyl glyoxalate and the indole are both activated
by chiral phosphoric acid 12. The attack on the aldehyde from the Re-face is favored, affording an
(R)-isomer of the product. Remarkably, BINOL-derived chiral phosphoric acid was not as efficient as
SPINOL-derived and provided the product with a low level of stereocontrol (ee 5–7%).

 

Scheme 6. Reactions of indoles with glyoxylate derivatives.

2.3. N-Selective Additions of Indoles to Imine/Iminium Activated Adducts

In situ, generating electrophiles such as imines or iminium ions can provide wide access for
the construction of chiral indoles. They not only bear substituents at the C3 position, but they are
also powerful tools for the synthesis of N-substituted indoles. The activation of electrophiles can be
promoted by chiral Brønsted acids such as phosphoric acids. There are a large number of different
BINOL- and SPINOL-derived chiral acids and their ability to act as bifunctional catalysts provides
unique opportunities for the enantioselective functionalization of the C-N bond.

The first synthesis of chiral α-N-branched indoles 15 via their addition to the acyliminium
ion catalyzed by chiral phosphoric acid 17 was proposed by Huang et al. (Scheme 7) [22].
Cyclic N-acyliminium ions are highly reactive electrophiles [23]. They are easily generated from
α,β-unsaturated γ-lactams (such as compound 13) by accepting an acidic proton from a chiral
phosphoric acid, affording a chiral conjugate base/N-acyliminium ion pair. Huang proposed that the
acidic N-H atom of the indole is activated by the conjugate base of chiral phosphoric acid through the
hydrogen bond, favoring an attack of the nitrogen atom on the cyclic N-acyliminium ion. The authors
conducted a series of labeling and FTIR experiments that explained the formation of the N-acyliminium
ion and the indole alkylation step. The reaction was catalyzed by catalyst 17, providing a high level of
stereocontrol (ee up to 95%) and high yields of the reaction (up to 98%). The synthetic method afforded
chiral indole derivatives 15 with different substituents in both ring systems. The product 15 (R1 = Br,
R2 =Me, R3 =H) was further converted into an N-fused polycyclic compound 16 in two additional
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steps. Interestingly, Boc and phenyl N-protected α,β-unsaturated γ-lactams afforded only C3 alkylated
products with low ee values.

 
Scheme 7. N-Acyliminium activated N-alkylation of indoles.

You and co-workers later reported a modified route of Huang’s enantioselective indole N-alkylation
with N-acyliminium ions [24]. The new method is based on the cascade reaction, involving a ring-closing
metathesis catalyzed by a Ru complex and chiral SPINOL-derived phosphoric acid-catalyzed 21

indole N-alkylation (Scheme 8). The starting N-allyl-N-benzylacrylamide 18 was first converted into
α,β-unsaturated γ-lactam 13 by a Ru complex (Zhan-1B) followed by the selective N-alkylation of the
indole in the presence of catalyst 21. The authors compared their method with stepwise reactions and
found that the sequential catalysis allowed for a more efficient synthesis.

ee

 

Scheme 8. Sequential ring-closing/N-alkylation of indoles.

Another example of the application of SPINOL-derived phosphoric acid in the N-alkylation of
indoles was demonstrated by Zeng and Zhong [25]. An enantioselective N-addition of indoles to in situ
generated cyclic N-acyl imines from hydroxy isoindolinones 23 was efficiently catalyzed by hindered
bismesityl-substituted chiral phosphoric acid 25 (Scheme 9). The reaction proceeded smoothly with a
broad range of indoles and isoindolinone alcohols affording chiral N-alkylated tetrasubstituted aminals
24 with moderate to good yields (up to 77%) and good to excellent enantioselectivities (up to 98%).
The proposed transition state indicates the dual activation mode of the catalyst 25 (Scheme 9).
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Scheme 9. Enantioselective addition of indoles to N-acyl imines.

A new class of in situ activated electrophiles for the enantioselective N-alkylation of indoles from
the N-protected p-aminobenzylic alcohol 26 was reported by Sun [26]. These alcohols were easily
converted to aza-p-quinone methides 26a in the presence of the chiral phosphoric acid 29 and used as
alkylating reagents in reactions with 2,3-disubstituted indoles 27 (Scheme 10). The protective group
on the nitrogen atom of the electrophile drastically affects the stereoselectivity of the reaction. In the
case of bulky aliphatic acyl groups, such as pivaloyl and 1-adamantanecarbonyl groups, excellent
enantioselectivities were achieved (ee up to 95%). Other protective groups afforded products with
moderate ee values. It is important to mention that C3 unsubstituted indoles gave an exclusive reaction
at the C3 position with good ee (74%). The slight modification of the reaction conditions improved the
enantioselectivity of the reaction and chiral C3 alkylated indoles were obtained with excellent yields
(up to 99%) and high ees (up to 94%). The control experiments proved that the reaction proceeds due
to the generation of an aza-p-QM intermediate 26a and, without a nucleophile, the dimerization of
the aza-p-QM intermediate occurred. The authors proposed a transition state that demonstrates the
bifunctional role of the chiral phosphoric acid in the activation of both an electrophile and a nucleophile.

 

Scheme 10. Enantioselective N-alkylation of indoles with para-aza-quinone methides.

Recently, an asymmetric N-alkylation of indole derivatives via a Reissert-type reaction catalyzed by
a chiral phosphoric acid 34 was reported by You’s group [27]. The authors expected the dearomatization
of both reagents, but the reaction proceeded in another manner, providing the N-alkylated adduct
32 (Scheme 11). The method tolerates various protective groups on the amine of tryptamine 31,
affording products with good yields (72–98%) and moderate to good enantioselectivities (ee 64–82%).
Substituents in the phenyl ring of the tryptamine 31 did not have a negative impact on the ee values
(63–73%) or yield (78–89%) of the reaction. Various substituents on the isoquinoline core 30 were
tested and their influence on the reaction was studied. Sterically hindered isoquinolines (7- or
8-substituted isoquinolines) afforded lower yields (10–40%) and ee values (29–50% ee). Substituents at
other positions were tolerated, leading to N-alkylated products with good to excellent yields (80–98%)
and enantioselectivities (80–94%). It is notable that the indole ring bearing a 3-methyl substituent was
also tolerated, affording N-alkylated product with excellent yield (98%) and high ee (85%). The chiral
N-alkylated product 32 (R1 = R2 = H) was easily modified by the reduction in 1,2-dihydroisoquinoline
moiety and the deprotection of the Boc group, leading to free amine 33.
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Scheme 11. Enantioselective N-alkylation of indoles via Reissert-type reaction.

2.4. Aza-Michael Additions

The application of efficient organocatalytic strategies for the synthesis of chiral α-N-branched
indoles is limited by the low acidity of the N-H atom and low nucleophilicity of the nitrogen of the
indole. Electron-withdrawing groups at C2 or C3 positions increase the acidity of the N-H atom
of the indole [28], thus improving its reactivity. Another way to activate the nitrogen atom is the
introduction of an electron-donating group at the C3 position, which increases the nucleophilicity
of the indole. Sometimes, the functionalization at the C2 and C3 positions of the indole are used to
prevent side reactions.

The enantioselective intramolecular ring-closing reaction of 2-substituted indoles 35 with increased
acidity under phase transfer catalysis was reported by Bandini and Umani-Ronchi et al. (Scheme 12,
I) [29,30]. The authors emphasized the importance of the tight ion pair that occurs between the
cinchona-based salt of the quinuclidine ring and the nucleophilic indolate intermediate (Scheme 12,
II). The stereocontrol of the reaction was increased by the introduction of electron-withdrawing
substituents on the para-position of the benzyl group of the catalyst 37. The substituents at C5 positions
of the indole ring did not influence stereoselectivity as indole derivatives 35 with electron-withdrawing
or electron-donating groups gave high yields (85–93%) and high ee values (82–89%), which could be
increased further by recrystallization.

 

Scheme 12. Phase transfer-catalyzed N-alkylation of indoles.

The phase transfer-catalyzed asymmetric aza-Michael addition of nitroindoles 38 to
α,β-unsaturated carbonyl compounds 39 was investigated by Kanger and co-workers (Scheme 12,
III) [31]. The authors determined that the position of the nitro group on the indole core was crucial to
control the enantioselectivity of the reaction. The reaction did not proceed with 2- and 7-substituted
nitroindoles. The indoles bearing a nitro group at the C5, C6 or C3 positions were non-selective
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substrates for the reaction as the enantioselectivity was too low (35–42% ee). The reaction between
various trans-crotonophenone derivatives and 4-nitroindole afforded products with good to high
yields (67–96%) and moderate to good enantioselectivities (59–75%) in the presence of a cinchona
alkaloid-based phase transfer catalyst 41. It is important to mention that there was essentially no
correlation between the acidity of the indole and its reactivity in the aza-Michael reaction.

The introduction of an electron-withdrawing substituent at the C2-position of the indole ring
not only increases the acidity of the N-H atom, but this substitution pattern also opens wide access
to cascade reactions that provide chiral N-alkylated polycyclic indoles in a single step. Wang and
Ender’s groups separately reported a method where tricyclic chiral indole derivatives were obtained
from indole-2-carbaldehyde 42 and various α,β-unsaturated aldehydes 43 in the presence of a
Hayashi-Jørgensen catalyst 46 (Scheme 13, I) [32,33]. The cascade reaction is possible due to
an iminium/enamine activation mode and consists of an aza-Michael reaction followed by aldol
condensation. Despite differences in reaction conditions, both synthetic methods demonstrated
moderate to good yields (40–71% and 57–81%) and good to excellent ee values of products (85 to >99%
and 71–96%). In the case of 2-furyl enal, the isomeric achiral product 45 was formed.

 

Scheme 13. Secondary amine catalyzed cascade reactions.

Enders et al. continued to investigate the reactions of 2-substituted indoles with unsaturated
aldehydes and reported an asymmetric quadruple cascade reaction (Scheme 13, II) [34].
Indole-2-methylene malononitriles 47 derived from indole-2-carbaldehydes 42 were subjected to
reactions with various α,β-unsaturated aldehydes 43 in the presence of the chiral secondary
amine 46, providing tetracyclic aldehydes 48a. The domino reaction consists of a tandem
aza-Michael-Michael-Michael-aldol reaction, which exploits the iminium-enamine-iminium-enamine
activation approach. Because of the enolization during the purification of aldehydes 48a, they were
trapped with stabilized Wittig reagent 49. The cascade reaction and olefination were easily completed
in a one-pot manner with no impact on the reaction outcome. The reaction scope was performed with
both electron rich and electron poor aromatic α,β-unsaturated aldehydes 43 and chiral products 48
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were obtained as single diastereoisomers (>20:1 dr) with moderate to good yields (25–70%) and good
to excellent enantioselectivities (91–99%). A decrease in enantioselectivity and yield was detected in
the case of the heteroaromatic furyl group (33% yield, 78% ee). Indoles with electron-withdrawing
and electron-donating substituents at the C5 position tolerated the reaction without affecting yields
or stereoselectivities.

An intramolecular reaction of appropriately C2 substituted indole 50 provided selectively
N-alkylated tricyclic indole derivatives 51 via an aza-Michael reaction in the presence of a phosphoric
acid catalyst 52 (Scheme 14, I) [35]. Under optimal conditions, the reaction scope was broadened
with various substituted aromatic enones with electron-donating or electron-withdrawing groups.
The authors demonstrated the tolerance of various functionalities such as carbonyl, hydroxyl groups
and aromatic rings at the C3 side chain without any impact on the reaction yields (82–96%) or
enantioselectivities (88–93%). However, the introduction of an electron-withdrawing group at the
C2-position of the indole totally inhibited the reaction. Further investigations of the reaction were
concentrated on the combination of mechanistically distinct organocatalysis and transition-metal
catalysis (Scheme 14, II). The indolyl olefins 53 and enones 54 reacted smoothly in the presence of
the chiral phosphoric acid 52 and ruthenium catalyst Zhan-1B affording the desired products with
moderate to excellent yields (45–96%) with 87–93% ees (Scheme 14, II). Notably, if indole 56 was applied
as the substrate, both the N-alkylated product 57 and the C3-alkylation product 58 were obtained
(Scheme 14, II).

ee

ee

ee

 

Scheme 14. Cyclization of electron rich 2-substituted indoles.

2.5. N-Heterocyclic Carbene-Mediated Cyclizations

In recent years, there has been growing interest in the field of N-heterocyclic carbene (NHC)
catalysis. The functionalization of the indole core via various NHC-intermediates has been reported by
several research groups [36–40]. There are only two articles dedicated to the N-functionalization of
indoles [41,42]. Both synthetic methodologies were applied to 7-substituted indole derivatives as a
starting material and obtained N-fused tricyclic structures were characteristic.

Biju and co-workers demonstrated an asymmetric NHC-catalyzed domino reaction for the
synthesis of pyrroloquinolines (Scheme 15) [41]. The indole substrates 59 used in this reaction had a
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Michael acceptor moiety at the C7-position and a strong electron-withdrawing group at the C3-position
to increase the acidity of the N-H atom of indoles. The cascade reaction was catalyzed by carbene
generated from the chiral aminoindanol-derived triazolium salt 62 and proceeded smoothly with
various substituted indoles 59 and cinnamaldehyde derivatives 60. The substrate scope revealed that
α,β-unsaturated aldehydes bearing electron-withdrawing and electron-donating substituents at the
4-, 3- and 2-positions of the β-aryl ring of enals had no impact on the reaction outcome, affording
pyrroloquinoline derivatives with good to high yields (63–95%), good to excellent enantiomeric
ratios (87:13 to 99:1) and excellent diastereoselectivities (>20:1). Additionally, heterocyclic enals and
disubstitued β-aryl ring enals reacted smoothly with indole derivatives and products were obtained
with good yields (67–82%) and high er values (90:10 to 97:3). Cyclic and acyclic alkyl groups at the
Michael acceptor moiety of compound 59 could be used without affecting the reactivity/selectivity.
In addition, the influence of solvents with different dielectric constants (DEC) on the reaction selectivity
and yield was studied. The authors demonstrated that the aprotic solvents with higher dielectric
constants afforded better ee and yield. For instance, a poor yield and ee value were obtained in toluene
(DEC: 2.38), moderate in THF (DEC: 7.58) and high in DMF (36.7). Therefore, the solvent with higher
polarity not only provided good solubility of reactants but it could stabilize zwitterionic intermediates.

Scheme 15. N-heterocyclic carbene (NHC)-catalyzed cascade reaction of 7-substituted indoles.

Chi et al. reported the enantioselective functionalization of an indole carbaldehyde N-H group
through NHC catalysis (Scheme 16) [42]. The indole derivative 63 was activated by NHC via a
carbaldehyde moiety at the C7-position of the indole. The reaction of indole-7-carbaldehyde adducts
with derivatives of various carbonyl compounds 64 demonstrated high er values and yields in the
presence of a carbene catalyst generated from a triazolium salt 67. The differences in structure
and electronic properties of the starting compounds did not affect the reaction selectivity or yield.
Both trifluoroacetophenone derivatives and aliphatic trifluoromethyl ketones tolerated the reaction well
affording the desired products with high yields and er values (89–98% yield, 94:6 to 96:4). Substitutions
on the indole 5- and 6-positions gave the desired products with excellent yields (90–99%) and optical
purities (92:8 to 97.5:2.5), regardless of the electronic properties of the substituents. The reaction scope
was broadened with the application of isatins 68 as electrophiles (Scheme 16, II). In the case of the
isatin derivatives, another precatalyst 70 was used to maintain high yields (up to 95%) and er values
(up to 98:2).

The authors proposed the mechanism of the NHC-catalyzed reaction, which is outlined in
Scheme 16, III. The nucleophilic attack of NHC 67a on aldehyde 63a forms a Breslow intermediate 63b,
which undergoes an oxidation reaction to generate an acylazolium intermediate 63c, followed by its
deprotonation, providing the intermediate 63d. Finally, a formal [4 + 2] annulation reaction between
intermediate 63d and trifluoroacetophenone 64a affords the desired product 65a and regenerates the
NHC catalyst.
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Scheme 16. NHC mediated N-alkylation of indoles.

3. Organocatalytic Indirect Methods

There are several examples of organocatalytic methods in which the synthesis of chiral N-alkylated
indoles was performed indirectly. Three routes for the preparation of N-functionalized indoles are
proposed. The first two methods are based on the enantioselective N-alkylation of indoline or isatin
and further redox transformation of N-alkylated intermediates into chiral N-functionalized indoles.
In the last method, 4,7-dihydroindole was used as the starting material for the C2 Friedel-Crafts
alkylation followed the oxidative cyclization, affording N-alkylated indole.

The enantioselective aza-Michael reaction between indoline derivatives 71 and α,β-unsaturated
ketones 72 was reported by Ghosh et al. (Scheme 17, I) [43]. A set of N-alkylated indoline adducts
73 were further oxidized to corresponding N-functionalized indole derivatives 75 (Scheme 17, II).
The N-alkylation of indolines was investigated and various thiourea and squaramide based bifunctional
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organocatalysts were tested. The best results were obtained with quinine-derived catalyst 74 in xylene
at −20 ◦C. The influence of substituents in the aromatic rings of α,β-unsaturated ketones 72 was also
studied. The authors demonstrated that in the case of electron-withdrawing substituents in the phenyl
ring (R3), both the enantioselectivity and yield increased (83–86% yield, 90-96% ee). At the same time,
the introduction of an electron-donating group (R3 = 4-Me-Ph) did not affect the selectivity or yield
(55% yield, 86% ee). The incorporation of a cyano group on the phenyl ring (R3) afforded a product
with a low yield (40%) and high ee (90%). Notably, the heterocyclic furan-2-yl and methyl substituents
tolerated the reaction well, providing good yields and stereoselectivities (55–57% yield, 80–84% ee).
Indolines with electron-donating substituents at the C5 position afforded products with high yields
with high levels of stereocontrol (93–94% yield, 95–99% ee). Electron-withdrawing groups at the C5
position of the indoline decreased the reaction yield and ee value (53–54% yield, 80% ee). The oxidation
of chiral N-functionalized indolines 73 to the corresponding N-substituted indoles 75 with DDQ
(1.05 equivalent) in THF or MnO2 (10 equivalent) in dichloromethane led to products without any loss
in enantioselectivity and with high yields (Scheme 17, II).

 

Scheme 17. Synthesis of N-functionalized indoles via alkylation/oxidation of indolines.

An interesting route for the preparation of chiral N-functionalized indoles 81 from N-alkylated
isatin derivatives 80 was proposed by Lu and co-workers (Scheme 18, I) [44]. The method is based on
the enantioselective conjugated addition of protected isatin derivatives 76 to α,β-unsaturated enals 77

via the iminium activation of aldehydes by a prolinol-derived catalyst 79. A wide range of various
aliphatic, aromatic linear and branched enals 77 tolerated the reaction, providing products with good
yields (70–82%) and high enantioselectivities (89–95%). Corresponding N-functionalized indoles 81

were obtained after deprotection and reduction with borane.
The unprotected N-alkylated isatins 80a were further transformed into C2/C3-substituted

N-functionalized indoles 82 or 83 (Scheme 18, II).
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Scheme 18. Isatin based synthetic route for the preparation of α-N-branched indoles.

The application of electron-deficient 4,7-dihydroindole 84 for the construction of N-functionalized
indoles 86 was investigated by You et al. (Scheme 19) [45]. Chiral N-functionalized indoles were
obtained in a one-pot synthesis. First, the Friedel-Crafts C2-alkylation between the 4,7-dihydroindole
84 and β,γ-unsaturated α-keto ester 85 was catalyzed by chiral N-triflyl phosphoramide 87 at −78 ◦C
in toluene. The authors determined the importance of 4Å molecular sieves in the reaction mixture.
Moreover, the stereoselectivty of the reaction was improved when the ester 85 was added by syringe
pump to the reaction mixture over 15 min.

 

Scheme 19. C2-alkylation of 4,7-dihydroindoles, followed by oxidative intramolecular cyclization.

The simple work-up with p-benzoquinone after the completion of the first step afforded the
oxidative intramolecular cyclization of 2-substituted chiral intermediates. Various N-functionalized
products 86 were obtained with moderate to good yields (48–87%), good to excellent enantioselectivities
(75–99%) and poor to moderate diastereoselectivities (52:48 to 75:25).

4. Direct Organometallic Methods

Transition metal catalysis is often applied in asymmetric synthesis as a highly efficient method
for the construction of chiral compounds [46]. Small loadings of transition metal complexes and the
excellent stereocontrol of the reaction make organometallic methods attractive for the stereoselective
N-functionalization of indoles. In this part of the review, direct methods of the stereoselective
N-alkylation of indoles based on transition metal catalysis are discussed. Various alkylating agents
and different types of transition metal complexes were applied to gain a high level of stereocontrol
(Scheme 20).
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Scheme 20. Direct transition-metal based stereoselective derivatization of indole.

4.1. C2-Selective Addition/N-Cyclization Sequences

Chen and Xiao applied 3-substituted indoles 88 as N1/C2 dinucleophiles in enantioselective
reactions with various β,γ-unsaturated α-ketoesters 89 (Scheme 21, I) [47]. A highly enantioselective
cascade reaction consisting of sequential C2 Friedel-Crafts alkylation followed by N-hemiacetalization,
providing tricyclic chiral N-functionalized indoles 90, was described. The domino reaction was
smoothly catalyzed by copper(II)triflate in the presence of chiral bis(oxazoline) ligand 91 in toluene at
0 ◦C. The investigation of the substrate scope revealed that the cascade reaction tolerated various esters
well, electron-withdrawing and electron-donating groups in the γ-aryl ring of ester, heteroaromatic
and vinyl-substituents at the γ-position. γ-Alkyl-substituted β,γ-unsaturated α-ketoesters also reacted
smoothly, but in the case of the straight-chain aliphatic substrate (R3 = propyl, R4 = Et) a decrease in the
stereoselectivity of the cascade reaction was detected (67% yield, 27% ee, 67:33 dr). Various substituents
with different electron and steric properties at the indole core did not affect either the reaction yield or
the stereoselectivity of the reaction. The only exception was the reaction with 3-phenylindole, where
slight decreases in ee and dr were observed (80% ee, 86:14 dr).

ee
dr

i

ee
dr

ee
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Scheme 21. C2-alkylation of indoles followed by intramolecular N-cyclization.

Feng et al. investigated the enantioselective intermolecular Friedel-Crafts alkylation reaction
at the C2-position of N-methylated indoles with β,γ-unsaturated α-ketoesters [48]. The cascade
reaction of the C2-alkylation/N-hemiacetalization of skatole (3-methyl indole) was catalyzed by a chiral
N,N′-dioxide 94 Ni(II) complex affording the corresponding product 93 with high yield (89%), excellent
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ee (96%) and moderate dr (7:3) values (Scheme 21, II). The results were slightly worse than with the
chiral Box–copper(II)-catalyzed method discussed above (95 yield, >99% ee, 95:5 dr).

An efficient stereoselective triple cascade reaction of 3-alkylindoles with oxindolylβ,γ-unsaturated
α-ketoesters 95 in the presence of a chiral diphosphine 97 palladium(II) catalyst was reported
by the Wang group (Scheme 21, III) [49]. The domino reaction consists of asymmetric
Friedel-Crafts/N-cyclization/Friedel-Crafts sequential alkylation and provides a wide range of
spiro-polycyclic N1/C2 functionalized enantioenriched indoles 96. The various substituents at the
phenyl ring and N-atom of oxindolyl β,γ-unsaturated α-ketoesters 95 were well tolerated, affording
the spiro-polycyclic products 96 with good to excellent yields (80–96%), high to excellent ee values
(86–99%) and excellent diastereoselectivities (>20:1). The indole scope demonstrated some limitations
of the reaction: electron-withdrawing or electron-donating substituents at the C5 or C6 positions
provided products with high yields (87–94), enantioselectivities and diastereoselectivities (91–98%
ee, >20:1 dr) but in the case of the 4-bromo substituted indole a decline in enantioselectivity (65% ee)
was detected. Sterically hindered indoles at the C3 position were not the best starting compounds
for this cascade reaction. For instance, an n-hexyl substituent negatively affected the ee value of the
reaction (81% ee) and the reaction with a bulkier i-Pr substituted indole afforded a product with a low
yield (<30%).

Compared with Xiao’s highly enantioselective method based on chiral Box-copper(II) catalysis,
Wang’s route, based on a chiral diphosphine 97 palladium(II) catalyst, has its advantages in the use of
isatin-derived electrophiles 95, but is not particularly effective for simple γ-aryl substrates 89.

4.2. N-Allylation of Indoles
The enantioselective version of a Tsuji-Trost reaction was applied for the synthesis of chiral

indolocarbazole derivatives (Scheme 22, I) [50]. The reaction of protected bis(indole) 98 with cyclopentyl
carbonate 99 in the presence of a chiral ligand 102 and palladium catalyst proceeded smoothly, providing
products 100 with excellent ee values (99%) and good yields (83% and 75%, depending on the protective
group used). The authors conducted a series of NMR experiments and conformational analyses and
found that the preferred site of the alkylation was the nitrogen atom of the indole moiety, which
was linearly conjugated to the carbonyl function of lactam. Catalytic allylations of (bis)indoles with
sugar-derived electrophiles were performed and cyclic products 108 and 109 were successfully obtained
(Scheme 22, II).

 

Scheme 22. Pd-catalyzed N-allylation of (bis)indoles.
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The preferred site of the allylation of bis(indole) depends on the acidity of the N-H atom of the
indole derivative. When the bis(indole)-bearing conjugated dione moiety 103 at the C3 position was
subjected to a reaction, a cyclopentenyl acetate 104 product 105 was formed. The authors also proposed
a strategy for the construction of the chiral indolocarbazole 106 from the (bis)indole adduct 105.

Later, Trost et al. demonstrated a general method for the enantioselective N-allylation of electron
deficient pyrroles 110 and indoles 111 with vinyl aziridines 112 as electrophiles (Scheme 23, I) [51].
The Pd-catalyzed asymmetric allylic alkylation provided a wide range of the heterocycle-containing
chiral 1,2-diamines 113. The desired branched N-alkylated products were obtained with a similar
catalytic system that was previously applied for allylation of bis(indole) adducts 98 (Scheme 22, I).
The alkylation of indoles and pyrroles was catalyzed by a palladium complex in the presence
of a chiral ligand 114 in dichloroethane at room temperature. The authors determined the
positive impact of a naphthyl moiety of the chiral ligand on the enantioselectivity of the reaction.
The scope of electron-deficient indoles demonstrated exclusively N-alkylation with moderate to high
enantioselectivity (73–93%) and moderate to high yields (57–99%). Weak electron-withdrawing groups
(such as bromo or chloro) negatively affected the reaction yield and ee. 2-Phenylindole afforded only
trace quantities of the desired product. It should be noted that the amide anion of the vinyl aziridine
in the π-allyl Pd intermediate was sufficiently basic to deprotonate the indole N-H and facilitate the
reaction in most of the cases (Scheme 23, II).

 

Scheme 23. Pd-catalyzed N-allylation of electron-deficient pyrroles and indoles.

A highly enantioselective iridium-catalyzed N-allylation of electron-deficient or C3-substituted
indoles was reported by Hartwig et al. (Scheme 24) [52]. The authors used a chiral phosphoramidite
ligand 119, which was previously studied in N-allylation reactions with more acidic and nucleophilic
benzimidazoles, imidazoles and purines. The initial results showed that the reaction proceeded in the
presence of metallacycle 120 and cesium carbonate, affording an exclusively N-substituted product
117 with excellent branched-to-linear selectivity (117/118 = 97:3). The reaction scope of the ethyl
indole-2-carboxylate 115 with various allylic carbonates 116 revealed that allylation proceeded smoothly
at the N-position, providing corresponding products 117 with moderate to excellent regioselectivities
(77:23 to 99:1), excellent enantioselectivities (96–99%) and moderate to high yields (54–95%). Indoles
bearing various substituents at the C2, C3 and C5 positions were also tested with tert-butyl cinnamyl
carbonate, providing excellent branched-to-linear selectivities (94:6 to 99:1), enantioselectivities
(96–99%) and yields (21–95%). It should be noted that the parent indoles, 2-methylindole and
2-phenylindole, were allylated selectively at the C3 position. At the same time, 7-azaindole successfully
underwent N-allylation in a high N to C3 ratio (9:1) and branched-to-linear selectivity (91:9). The chiral
N-substituted 7-azaindole product was isolated with a 79% yield and 99% ee.
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Scheme 24. Ir-catalyzed N-allylation of indoles.

An efficient route for the synthesis of chiral indolopiperazinones was proposed by You and
coworkers (Scheme 25) [53]. The intramolecular allylic amination of indole derivatives 121 was
catalyzed by an iridium(I) NHC complex generated from the salt 123 and [Ir(cod)Cl]2 in the presence
of DBU in dichloromethane at room temperature. The model reaction provided N-selective products
with high yields (82%) and excellent ee values (99%). The amount of Ir complex could be reduced to
1.25 mol% without affecting the reaction outcome (80% yield, 96% ee). Indole derivatives containing
electron-donating and electron-withdrawing groups at the C5 or C6 positions were examined in
allylation reactions, affording the desired products 122 with good yields (77–91%) and excellent
enantioselectivities (97–99% ee). Substrates with various substituents R2 (Bn, Me, allyl and PMB) on
the amide nitrogen atom were well tolerated (77–89% yields and 96–99% ee, respectively). The authors
also separately synthesized an Ir complex 124 and demonstrated its catalytic efficiency in asymmetric
intramolecular cyclization (93% yield, 99% ee). These results were comparable to the results obtained
with an in situ formed catalyst (82% yield, 99% ee).

 

Scheme 25. Ir-catalyzed synthesis of chiral indolo- and pyrrolopiperazinones.

Xiao et al. reported a highly stereoselective Pd-catalyzed N-functionalization of indoles in the
presence of chiral sulfoxide-phosphines (Scheme 26) [54]. The reaction of methyl indole-2-carboxylate
with racemic (E)-1,3-diphenylallyl acetate was efficient and stereoselective in the presence of a
catalytic system derived from [Pd(C3H5)Cl]2, sulfoxide-phosphine ligand 128 and cesium carbonate
in dichloromethane at 40 ◦C (99% yield, 97% ee). The scope of the reaction was performed with
various substituted indoles 125 and allyl acetates 126. Both C2- and C3-substituted indoles tolerated
the reaction, demonstrating good to excellent enantioselectivities (75–97%) and moderate to high
yields (58–95%) of the corresponding N-alkylated indoles 127. Interestingly, 2-vinyl indole afforded an

18



Symmetry 2020, 12, 1184

N/C-dialkylated product as a single diastereomer with good yields (74%) and high enantioselectivity
(93%). At the same time, 2-vinyl 7-chloroindole gave an exclusively C3-alkylated product. The scope of
allyl acetates revealed that acetates containing phenyl rings afforded products with high yields (89–95%)
and excellent ee values (94–96%). The reaction with a sterically less hindered 1-methyl-3-phenylallyl
acetate was regioselective and had a high yield (98%), but a decrease in enantioselectivity was detected
(65%). The cyclic acetate afforded the desired product with a low ee value (23%).

 

Scheme 26. Pd-catalyzed N-functionalization of indoles.

Recently, Krische and co-workers demonstrated an efficient asymmetric intermolecular
Tsuji–Trost-type indole N-allylation, where complete N-regioselectivity and regioselectivity towards
branched products were achieved (Scheme 27, I) [6]. The reaction was smoothly catalyzed by
cyclometallated p-allyliridium C,O-benzoates modified with (S)-tol-BINAP 132 under basic conditions.
A wide range of various substituted indoles 129 reacted with high levels of enantiomeric enrichment
(88–93%), affording products 131 with moderate to excellent yields (60–96%). The parent indole was
successfully alkylated with diverse α-substituted allyl acetates 130 containing alkyl groups, phenyl,
benzyl ether and methyl sulfide moieties (65–79% yield, 91–93% ee). Furthermore, α-cycloalkyl
substituted allyl acetates 130 tolerated the reaction well, affording N-functionalized indoles with
good yields (60–76%) and high ee values (90–92%). The authors also demonstrated the intramolecular
cyclization of the racemic indole adduct 133 under optimized conditions (Scheme 27, II). The desired
chiral tricyclic N-allylated indole 134 was isolated with high yields and high enantioselectivity (80%
yield, 89% ee).

 
Scheme 27. Highly selective Ir-catalyzed allylation of indoles.

4.3. Aminations of Alkenes with Indoles

An iridium-catalyzed highly selective intermolecular N-H addition of indoles 135 to inactivated
terminal olefins 136 was investigated by Hartwig’s group [55]. The reaction proceeded according
to Markovnikov’s selectivity in the presence of a catalytic amount of [Ir(cod)Cl]2 and a chiral bulky
DTMB-SEGPHOS ligand 139 (Scheme 28, I). The authors found that the addition of ethyl acetate to the
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reaction mixture increased the rate and yield of the reaction. Various substituted indoles and α-olefins
substrates were examined in an enantioselective hydroamination reaction. The study of the scope
of the indoles with 1-octene revealed that C3-, C5- and C6-substituted indoles tolerated the reaction
successfully affording products with moderate to good enantioselectivities (45–75% ee) and yields
(58–88%). There were no reactions in the case of 2- or 7-substituted indoles. The electron density of
the indole core did not noticeably affect the reaction outcome. The scope of α-olefins demonstrated
the influence of the β-substituent on the reaction rate, yield and enantioselectivity (39–70%, 4–67%
ee, respectively). For instance, yields of products derived from bulky substituted olefins were lower
than with 1-octene based products. Moreover, significant amounts of vinylindoles 138 as side products
were determined (20–30%). In some cases, the reaction conditions were modified in order to get better
results. A drastic decline in ee value (4–5%) was detected when tert-butylpropene was used as a
starting compound.

 

Scheme 28. Ir-catalyzed hydroamination of alkenes with indoles.

According to mechanistic and computational studies, the authors proposed the mechanism of
the reaction that is outlined in Scheme 28, II. The olefin insertion into the Ir−N bond of an N-indolyl
complex 135c is faster than the insertion of olefin into the Ir−C bond of the isomeric C-2-indolyl complex
135b (resting state). This feature determines the N-selectivity of the addition of olefin. The formation
of vinylindole as a side product and the racemization of the product were also explained and discussed
based on mechanistic studies.

Chiral N,O-aminals 143 were obtained by the stepwise metal-catalyzed synthesis from
alkoxyallenes 141 and indoles 140 (Scheme 29, I) [5]. The addition of indole 140 to allene proceeded
exclusively at the N-position affording unsaturated adducts 142. The obtained N,O-aminals 142 were
subjected to a ring-closing metathesis reaction catalyzed by Grubbs 1st generation catalyst. The cyclic
products 143 were isolated with a nearly quantitative yield. The authors determined the critical impact
of the chiral ligand 102 on the Pd-catalyzed reaction. In the case of ligand 114 the conversion of the
reaction nearly stopped. The scope of the reaction demonstrated that indoles with electron-donating
or electron-withdrawing groups tolerated the reaction well, providing products with high yields
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(87–98%) and ee values (85–93%). It is important to mention that the ester group at the C7 position of
the indole decreased the rate of the reaction but the product was still isolated with good yields and
excellent enantiomeric excess (70%, >99%, respectively). Indoles bearing substituents at C2-position
afforded chiral products with good yields (74–93%) and excellent ees (95–98%). The obtained products
were successfully converted into various pyranosylated and furanosylated glycosides 144 through
stereoselective dihydroxylation by osmium tetraoxide. According to their DFT calculations, the authors
proposed the mechanism of the Pd-catalyzed reaction that is outlined in Scheme 29, II.

 

Scheme 29. Pd-catalyzed synthesis of chiral N,O-aminals.

The enantioselective N-alkylation of indoles via an intermolecular aza-Wacker-type reaction was
reported by Sigman et al. (Scheme 30, I) [56]. The formation of the desired product 147 was possible
only if selective β-Hb elimination of the unsaturated compound was guaranteed (Scheme 30, II).
Otherwise, the classic enamine product was formed. The Pd-catalyzed reaction proceeded between
3-substituted indoles 145 and 1,2-disubstituted alkene 146 in the aprotic solvent (dichloromethane)
in the presence of a chiral ligand 148, base (DTBMP) and oxidant (p-benzoquinone). It is important
that C2 products were not detected; the alkylation proceeded exclusively at the N-position. The
reaction scope was performed with a wide range of substituted alkenols, demonstrating low to good
yields (27–78%) and good to high er values (91:1 to 98:2). An excellent functional group tolerance was
achieved and highly reactive tosyl- or halide-containing alkenols were compatible with the reaction.
The indole scope revealed that the electronic nature of 3-phenylindole did not significantly affect the
reaction outcome (69–82% yields, 95:5 to 96:4 er). The authors conducted a series of deuterium-labeled
experiments that proved a syn-aminopalladation pathway for this reaction.

21



Symmetry 2020, 12, 1184

 

Scheme 30. N-alkylation of indoles via an aza-Wacker-type reaction.

4.4. Copper-Catalyzed N-Selective Additions of Indoles to Alkylhalides

In recent years, stereoselective visible-light photocatalysis has received considerable attention from
the synthetic community due to the unique activation mode of the substrates [57,58]. The photoinduced
Cu-catalyzed enantioconvergent N-selective cross-coupling of 3-substituted indoles and carbazoles
with racemic tertiary alkyl halides was described by Fu et al. (Scheme 31, I) [59]. The strategy of
the reaction is based on the activation of an electrophile via the formation of the stable tertiary
radical that is involved in the enantioselective process. A copper salt serves as the photocatalyst and,
together with the chiral ligand 152, is responsible for the enantioselective bond-forming process. The
reaction was studied with a wide range of carbazole derivatives, 3-substituded indoles 149 and various
α-halocarbonyl compounds 150. The scope of the N-coupling partner demonstrated high levels of
stereocontrol despite its electronic and steric nature (88–94% ee); the products were obtained with good
to excellent yields (79–89%). The electronic effects of the indoline amide group and variations of the
amide groups tolerated the reaction well, providing products 151 with excellent enantioselectivities
(90–96% ee) and moderate to high yields (73–92%).

 

Scheme 31. Cu-catalyzed N-functionalization of indole derivatives.

Fu and co-workers continued to study the enantioselective Cu-catalyzed N-alkylation of indole
derivatives with α-halocarbonyl compounds (Scheme 31, II) [60]. Secondary alkyl iodides 154 were
used as coupling partners in a photocatalytic reaction for the preparation of chiral 3-indolyl lactams
155 but the results were unsatisfactory (<1% ee, 24% yield). The screening of the reaction conditions
revealed that the reaction occurred under nonphotocatalytic conditions in the absence of light and
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in the presence of Cu-Mes, a chiral monodentate phosphine ligand 156 and cesium carbonate at
room temperature in m-xylene. The catalytic method was not air- or moisture-sensitive. The scope
of the electrophiles showed that various N-substituted aromatic and alkyl lactams 154 tolerated the
reaction well despite the electronic properties of the substituents. When alkyl bromide was used
instead of iodide as an electrophile, a slight decrease in yield (60% vs. 73%) and a comparable value
of ee were determined (ee 88%). The yield was improved up to 85% by an increase in the amount
of electrophile from 1.5 equivalent to 2.0 equivalent. The authors conducted a series of experiments
where the ee of the unreacted electrophile and the yield of the product were monitored during the
reaction. These experiments revealed that the asymmetric N-alkylation of an indole with racemic alkyl
bromide proceeded via a simple kinetic resolution but, in the case of alkyl iodide, a dynamic kinetic
resolution occurred.

5. Other Direct Methods

Chiral N,N′-acyl aminals were prepared from indoles and N-Boc or N-Cbz imines in the presence
of a dinuclear zinc–prophenol complex (Scheme 32) [61]. The method was characterized by high
N/C3 regioselectivity, which was maintained due to the application of carbamate-protected imines
160. The choice of the solvent also drastically affected the regioselectivity of the reaction. For example,
the N-substituted product was formed with a 61% yield if THF was used as a solvent and with a 14%
yield with toluene. Although the complete N-selectivity of the alkylation was not achieved, N-alkylated
products 161 were easily separable from C3-alkylated products. The study of the substrate scope was
performed with a wide range of substituted indoles. Higher yields were obtained when 3-substituted
indoles were applied. Moreover, the sterical hindrance of the protection group of the imine affected
the reaction yield. Substrates with the Cbz group were more reactive than the Boc-substrates. The
reactions of Cbz-imines with indoles proceeded at a lower temperature (4 ◦C) without any loss of
yield and with improved enantioselectivity. To demonstrate the generality of the proposed method,
the authors extended the reaction scope to other nitrogen-containing heterocycles, such as carbazole
159 and methyl pyrrole-2-carboxylate 157. The reactions proceeded smoothly affording N-alkylated
products 161 with moderate to high yields (52–86%) and with high to excellent er values (96:4 to
99.5:0.5). The chiral N-alkylated products could be efficiently functionalized further, providing new
classes of valuable heterocycles.

 
Scheme 32. Synthesis of chiral N,N′-acyl aminals.

Propargylic compounds are important building blocks in synthetic chemistry because they can
be transformed into a wide range of organic derivatives, including heterocycles [62,63]. Shao and
coworkers investigated the enantioselective N-propargylation of indoles and carbazoles (Scheme 33) [64].
The method was based on the in situ generation of alkynyl N-Cbz or N-Boc imines 163a from N,O-acetals
163 followed by the nucleophilic N-addition of indole derivatives 164. The reaction was smoothly
catalyzed by chiral lithium SPINOL phosphate 166, which was responsible for the elimination of
ethanol from N,O-acetal and participated in the transition state of the reaction, providing an excellent
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level of stereocontrol (ee up to 99 %). The reaction proceeded with a very low catalyst loading without
a significant loss of enantioselectivity or yield. Even 0.1 mol% of the catalyst still provided high
enantioselectivity and yield (92% and 72%, respectively).

 

Scheme 33. Asymmetric N-propargylation of indoles.

A CuH-catalyzed regiodivergent method for the synthesis of chiral indoles was recently reported
by Buchwald et al. (Scheme 34) [7]. This synthetic route has two distinctive features: the application
of indole 167 as an electrophile and facile access to either N- or C3-alkylated indole products (169

or 172). The regioselectivity of the reaction was efficiently controlled by a chiral ligand 170 or 173

affording either N-alkylated products 169 with high selectivity (>20:1) or C3-alkylated products 172

with a moderate to high ratio (3:1 to >20:1). N-alkylation was achieved via N-oxidative addition of the
alkylcopper(I) complex followed reductive elimination.

 

Scheme 34. Ligand-controlled regiodivergent Cu-catalyzed alkylation of indoles.

The N-alkylation of indoles was performed with various styrene derivatives 168 affording products
with moderate to good yields (41–85%) with good to excellent ee values (81–99%). The exceptions were
4-methoxy- and 4-trifluoromethylstyrenes, which gave the desired products with low yields (10% and
17%, respectively). The scope of indole electrophiles revealed that a wide range of substituted indoles
tolerated the reaction well. Notably, the 2-carbomethoxyindole was not reactive enough and provided
a racemic product with a low yield. Moreover, C3-substituted indole reacted with a low yield and ee
(16% yield, 17% ee).

6. Transition-Metal Catalyzed Indirect Methods

Chiral α-N-branched indoles were obtained from the corresponding indolines by transition-metal
catalyzed N-alkylation/oxidation sequences (Scheme 35). The application of this route was first reported
by You’s group in 2012 (Scheme 35, I) [65]. The chiral N-allylindoles 177 were synthesized via a one-pot
iridium-catalyzed allylic amination of indolines 174 followed by dehydrogenation of the resulting
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N-substituted indolines 176 with DDQ (2,3-dichloro-5,6-dicyano-1,4- benzoquinone). The method was
characterized by a broad substrate scope. The electron deficient and electron rich aryl allyl carbonates
afforded the desired products with excellent yields (87–92%) with superb ees (96–98%). The 2-thienyl-
and alkyl-substituted allylcarbonates tolerated the reaction well and the corresponding products were
obtained with good to high yields (up to 86%), with high branched-to-linear selectivity (up to 97:3) and
excellent ee-values (up to 99%). Various indolines with electron-donating and electron-withdrawing
groups at different positions were tested, demonstrating high levels of stereocontrol (92–99% ee; 96:4 to
>99:1 r.r.).

 

Scheme 35. Indirect metal-catalyzed strategies for the construction of α-N-branched indoles.

The same group also described the asymmetric one-pot Pd-catalyzed version of the reaction
(Scheme 35, II) [66]. The allylation proceeded smoothly in THF in the presence of 5 mol% of the
palladium catalyst, 11 mol% of the Phox ligand 182 and 2 equivalents of Na2CO3 as a base. The obtained
chiral indolines 180 were oxidized with DDQ in situ affording corresponding α-N-branched indoles
181. The substrate scope was performed with a wide range of indolines. The electronic properties of
the substituents of the indoline core did not affect the reaction outcome, providing the desired chiral
indoles with moderate to good yields (72–82%) with excellent ees (93–97%). However, the reaction of
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2-phenylindoline with 1,3-diaryl allyl acetate gave a moderate yield but still high enantioselectivity
(53% yield, 96% ee, respectively). A drastic decrease in ee was detected when (E)-1,3-dimethylallyl
acetate was used as a coupling partner (48% yield, 39% ee).

The efficient copper-catalyzed propargylation of indolines with propargylic esters 183 followed
by the DDQ oxidation of N-substituted indolines 184 was described by Hu et al. (Scheme 35, III) [67].
Copper salts were used as a metal source which made the method cheaper and easy to handle compared
with the two methods discussed above. A disadvantage of this synthetic route is stepwise synthesis.
The copper catalyst must be removed, and the methanol evaporated after the propargylation reaction;
then the dehydrogenation of the chiral intermediate 184 proceeds in DCM at room temperature in
5 min. The propargylation was catalyzed with the bulky and structurally rigid chiral tridentate
ketimine P,N,N-ligand 186 in the presence of Cu salt and base. The authors admitted that the type of
copper salt did not noticeably affect the reaction outcome, but the role of the base was critical. When
the reaction was performed without a basic additive, the product was formed with a low yield and
enantioselectivity (45% yield, 25% ee). The addition of a base increased the yield and stereoselectivity
of the reaction. Among the bases, the best results were obtained with Hünig’s base (90% yield, 92%
ee). Interestingly, the reaction was also catalyzed by an inorganic base, such as potassium carbonate.
A one-pot version of the reaction was possible, but the reaction was low-yielding (35% yield, 92% ee).
The scope of propargylic esters revealed that the substitution pattern and electronic properties of the
phenyl ring had an impact on the yield and stereocontrol of the reaction. For instance, a 2-choloro
substituted substrate gave a corresponding product in decreased yield and ee (79% yield, 85% ee)
compared with a 4-choloro substituted substrate (91% yield, 91% ee). The reaction with an electron-rich
4-metoxy substituted indoline was slightly less enantioselective (85% yield, 83% ee). The heterocyclic
2-thienyl and 2-naphtyl tolerated the reaction well, affording the products with high yields (88–89%)
with 87–91% ee. Methyl- and fluoro-substituted indolines were also applied as coupling partners,
providing high yields and ee values (86–91% yield, 88–94% ee).

The preparation of chiral N-allylindoles was reported by Dong et al. [68]. The synthetic route was
based on the hydroamination of alkynes 187 with indolines via rhodium catalysis, followed by the
dehydroaromatization of N-substituted indolines 188 (Scheme 35, IV). Both the parent indoline and
3-methylated indoline tolerated the one-pot reaction well, affording the desired N-substituted indoles
with good yields and high ee values (72–77% yield, 85–90% ee, respectively).

7. Conclusions

Significant progress has been made over the past two decades in the synthesis of chiral N-alkylated
indoles. Direct methods provide an opportunity for the synthesis of chiral N-functionalized indoles
in one step from substrates containing an indole core. In some cases, the desired N-regioselectivity
could not be gained due to the side reactions that occur at C3- or C2-positions. To avoid this
problem C3- or C2-substituted indoles are usually used as starting compounds for the enantioselective
N-functionalization. The review illustrates the progress of N-selective functionalization, as only
recently was high regioselectivity achieved. Sometimes, the introduction of specific substituents into
an indole core is necessary for the activation of the N-position and for the stereocontrol of the reaction.
Indirect methods are not as thoroughly studied as direct methods. These methods can afford selective
N-alkylation and exclude the problem of regioselectivity. At the same time, multistep synthesis is
required for the construction of N-functionalized chiral indoles that make indirect routes less efficient
and attractive. The stereoselective functionalization of the N-atom of the indole was successfully
achieved by different types of organocatalytic and transition metal catalysis-based methods. These
approaches demonstrated efficient routes for the preparation of chiral N-functionalized indoles that
could be further modified and could provide facile access to biologically active compounds. Moreover,
some methods may be used not only for the construction of chiral N-indoles, but may also find
applications in the enantioselective functionalization of other N-heterocyclic compounds, such as
indoline, pyrrole and carbazole derivatives.
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Abstract: Butoxycarbonyl (Boc)-protected pillar[4]arene[1]-diaminobenzene (BP) was synthesized by
introducing the Boc protection onto the A1/A2 positions of BP. The oxygen-through-annulus rotation
was partially inhibited because of the presence of the middle-sized Boc substituents. We succeeded in
isolating the enantiopure RP (RP, RP, RP, RP, and RP)- and SP (SP, SP, SP, SP, and SP)-BP, and studied
their circular dichroism (CD) spectral properties. As the Boc substituent is not large enough to
completely prevent the flip of the benzene units, enantiopure BP-f1 underwent racemization in
solution. It is found that the racemization kinetics is a function of the solvent and temperature
employed. The chirality of the BP-f1 could be maintained in n-hexane and CH2Cl2 for a long
period at room temperature, whereas increasing the temperature or using solvents that cannot enter
into the cavity of BP-f1 accelerated the racemization of BP-f1. The racemization kinetics and the
thermodynamic parameters of racemization were studied in several different organic solvents.

Keywords: pillar[5]arene; planar chirality; chiral resolution; racemization kinetics; supramolecular
chemistry

1. Introduction

Chiral macrocyclic molecules have attracted significant attention, because they are highly promising
in applications for chiral induction [1–3], molecular recognition [4–6], and asymmetric catalysis [7–9].
A great number of macrocyclic compounds have been developed for the purpose of studying their
optical properties [10–12]. Recently, the chirality of a novel emerging host molecule, pillar[n]arenes,
has attracted increasing attention [13–16]. Pillar[n]arenes are macrocyclic compounds that are composed
of several hydroquinone ether units and are featured by the well-defined cavity, unique host–guest
complexation properties, and readily chemical functionalization. Normal pillar[5]arenes have two
enantiomeric conformers with all hydroquinone ether units adapting a planar chiral Rp, (Rp, Rp, Rp,
Rp, and Rp) or Sp, (Sp, Sp, Sp, Sp, and Sp) configuration. In general, these two conformers are rapidly
interconvertible in a solution by flipping the ring units around the methylene bridges, the so-called
oxygen-through-annulus rotation [17]. The inhibition of the oxygen-through-annulus rotation will lead
to a pair of planar-chiral enantiomers. Three approaches, including rotaxanation, the introduction of a
side ring into one ring unit, as well as the chemical modification of bulky groups onto the rims, have been
exploited for constructing chiral pillar[5]arenes [18–20]. Bulky groups, such as cyclohexylmethyl, phenyl,
or bithienyl groups, have been chemically grafted onto one or more hydroquinone ether units, and the
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oxygen-through-annulus rotation was restrained or completely stopped [21,22]. It occurred to us that if
introducing a group of suitable size, the oxygen-through-annulus could still be allowed, but the rotation
velocity is slowed down. This will then provide a powerful tool to study the effect of the external factors,
such as the temperature and solvent, on the rotational kinetics of pillar[5]arene. Herein, we report on
the successful isolation of butoxycarbonyl (Boc)-protected pillar[4]arene-[1]diaminobenzene (BP) planar
chiral enantiomers. Two middle-sized Boc-protected substituents on the A1/A2 positions significantly
decelerated the flip of pillar[5]arene, to allow for the racemization of BP with an observable velocity.
The thermodynamics and kinetics of the racemization were investigated under different solvent and
temperature conditions, which may serve as a guideline in the isolation and control of the enantiomeric
conformations of pillar[n]arenes by manipulating the external factors.

2. Materials and Methods

All of the compounds and reagents were obtained from commercial suppliers and were used as
received. Chiral analytical HPLC was performed with a Chiralpak IA column (0.46 × 25 cm) by a
Shimadzu LC Prominence 20 HPLC instrument (Shimadzu, Tokyo, Japan) equipped with a UV-VIS
detector (conditions: injection volume: 20 μL of rac-BP (0.2 mM); mobile phase: hexane/dichloromethane,
70/30 (v/v); flow rate: 1.0 mL/min at 20 ◦C; retention time (tR): 5.3 min for BP-f1, 5.7 min for BP-f2).
Preparative column chromatography was carried out with a Chiralpak IA column (1.0 × 25 cm) by
a recycling preparative HPLC LC9210NEXT instrument (JAI, Tokyo, Japan) equipped with a UV-VIS
detector (conditions: injection volume: 3 mL of rac-BP (2 mM); mobile phase: hexane/dichloromethane,
70/30 (v/v); flow rate: 4.0 mL/min at 20 ◦C; retention time (tR): 11.4 min for BP-f1, 12.5 min for BP-f2).
The circular dichroism spectra were measured by using a JASCO J-1500 spectrometer (Jasco, Tokyo,
Japan) equipped with a Unisoku cryostat, and θ values are given in units of mdeg.

3. Results and Discussion

Wang and coworkers have demonstrated that the tert-butoxycarbonyl (Boc) group, which has
a relatively large size, can thread through the cavity of pillar[5]arene when tethered on a chain [23].
We proposed that if the Boc group is linked directly on one benzene ring of pillar[5]arene, the rotation
of the ring units should be vert decelerated because of the steric inhibition of Boc. To prove this,
Boc-protected pillar[4]-arene[1]diaminobenzene (BP), in which one of the hydroquinone units was
replaced by phenylenediamine and the two amino groups were protected by Boc, were prepared
according to the reported procedures (Scheme 1) [24].

Scheme 1. The chemical structure of the planar chiral butoxycarbonyl (Boc)-protected pillar[4]-
arene[1]-diaminobenzene.

The chiral resolution of BP was carried out by preparative chiral-phase HPLC equipped with a
chiral column (Chiralpak IA). The enantiomers of BP were successfully resolved into two fractions,
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BP-f1 and BP-f2, with the retention time of 5.3 min and 5.7 min, respectively, eluted with a mixture of
hexane and dichloromethane at 20 ◦C (Figure 1a). On the basis of the enantiomer peak integrations,
each separated enantiomer was determined to have a purity of >99%.

The geometries of (PS)-BP and (PR)-BP were optimized using density functional theory (DFT),
and the optimized structures and their energies are given in Scheme 2. In the optimized structures
of the both enantiomers, the bulky tert-butoxy carbonyl group was located outside the electron rich
aromatic cavity, because of steric hindrance. Interestingly, the DFT results show that the energies
of the both (PS)-BP and (PR)-BP are same, and the accompanying racemization are feasible and or
equilibrated easily at room temperature.

Scheme 2. Optimized geometries of (PR)-(BP) and (PS)-BP: (a) and (b) are the side views of the stick
model, respectively, and (c) and (d) are the top views of space filling models, respectively. The geometries
were optimized by the Gaussian 09 program using the basic set DFT/RB3LYP/6-31G(d) method.

As shown in Figure 2, the fraction firstly eluted from the column (BP-f1) showed a strong negative
circular dichroism extreme (CDex) at ca 309 nm, and a positive CD signal at 262.5 nm. The fraction
secondly eluted from the column (BP-f2) provided a CD spectrum that is almost a perfect mirror
image to that of BP-f1, and confirmed that BP-f1 and BP-f2 are a pair of enantiomers. We have
demonstrated that the positive CDex corresponds to the Rp configuration of pillar[5]arene, and vice
versa for the Sp configuration [20], which allowed us to confirm that BP-f1 and BP-f2 are the Sp and Rp

enantiomers, respectively.
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Figure 1. (a) Chiral HPLC traces of (rac)-pillar[4]arene[1]-diaminobenzene (BP), and resolved BP-f1

and BP-f2, detected by UV at 295 nm (conditions: column: DAICEL Chiralpak IA; mobile phase:
hexane/dichloromethane = 70/30; flow rate = 1.0 mL/min; temperature: 20 ◦C; retention time (tR):
5.3 min for BP-f1, 5.7 min for BP-f2). (b) Circular dichroism and UV-VIS spectra of 10 μM BP-f1 (red)
and BP-f2 (blue) measured in CHCl3 at 20 ◦C.

The direct linkage of Boc on the ring unit should cause a considerable steric effect and will retard
the flipping kinetics, which was confirmed by the successful chiral resolution of BP. On the other hand,
as the Boc moiety can readily enter into the cavity of pillar[5]arene, it seems reasonable to expect that
the rotation of the ring units will not be completely inhibited by the presence of Boc. To prove this
hypothesis, the CD spectral behavior of enantiopure BP-f1 were investigated in different solvents.
Indeed, the time-dependent CD spectra of BP-f1 demonstrated that BP-f1 underwent racemization
in the solution at room temperature, which is highly solvent dependent. As illustrated in Figure 2a,
the CD spectra of BP-f1 in methylcyclohexane were gradually decreased at 25 ◦C with time, leading
to a complete fading of the CD signals. In CHCl3, a decrease of the CD signals was also observed,
however, this was much slower than that in methylcyclohexane (Figure 2b). An even slower decrease
was seen with CH2Cl2, which showed only a little decrease after remaining at 25 ◦C for two hours
(Figure 2c). Such a critical dependence on the solvents promoted us to study the racemization kinetics
in different solvents.

The CDex value changes at 309 nm as a function of time was measured in different solvents and
temperatures. As exemplified in Figure 3a, the CDex values in hexane at 25 ◦C hardly changed after
3000 s, demonstrating very slow racemization kinetics in hexane. Slow racemization kinetics were also
observed in CH2Cl2 (Figure A6). The plots of ln(θ0/θt) against time gave straight lines, supporting
the first-order kinetic model [25]. Increasing the temperature usually increases the reaction kinetics,
and we have demonstrated that the temperature is critical for affecting the molecular recognition and
stereoselectivity of supramolecular photochirogenesis [26–33]. To understand the temperature effect
on the racemization of BP-f1, the CDex versus time was recorded at different temperatures. Indeed,
the decrease of CDex became apparent with the temperature, indicating accelerated racemization
at higher temperatures. The racemization rate constants, krac, calculated based on the first-order
reaction kinetics [25,34,35], are 2.02 × 10−7 s−1 at 25 ◦C, 2.22 × 10−6 s−1 at 35 ◦C, 4.44 × 10−6 s−1

at 40 ◦C, 1.34 × 10−5 s−1 at 45 ◦C, and 5.39 × 10−5 s−1 at 55 ◦C, respectively. On the basis of the
Eyring equation (Appendix A), the thermodynamic parameters were obtained. As shown in Figure 4,
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ΔG‡ = 109.65 kJ mol−1, ΔH‡ = 131.83 kJ mol−1, and ΔS‡ = 74.39 J mol−1 were obtained in n-hexane.
In dichloromethane, the CD signal is hardly changed, even it was heated to 35 ◦C, which is close to the
dichloromethane boiling point (Figure A6).

Figure 2. (a) Circular dichroism (CD) spectra of 34.6 μM BP-f1 in methylcyclohexane at 298.15 K;
(b) CD spectra of 34.6 μM BP-f1 in CHCl3 at 298.15 K; (c) CD spectra of 34.6 μM BP-f1 in CH2Cl2 at
298.15 K.

Figure 3. (a) Plot of ln(θ0/θt) against time, of BP-f1 in n-hexane measured at 25 ◦C (black), 35 ◦C (red),
40 ◦C (green), 45 ◦C (blue), and 55 ◦C (light blue). The red lines represent the linear least squares fitting
curves by assuming that the racemization follows a first-order reaction kinetics. (b) Eyring plots for the
racemization of BP-f1 in n-hexane.
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To explore the effect of the solvent on the racemization rate, the time dependence of CDex in
different solvents was monitored. As illustrated in Figure 4, much faster racemization kinetics were
observed in other solvents, such as methylcyclohexane, cyclohexane, and MeOH. While in DCM,
CH3CN and CHCl3, BP-f1 also showed slow racemization rates. Based on the first order kinetics,
the krac values and the half-lifetimes at 25 ◦C were calculated and are listed in Table 1. It turned out
that BP-f1 afforded the smallest krac value (2.02 × 10−7) in n-hexane, having a long half-lifetime of
19.9 days. A similar slow racemization was also observed in CH2Cl2 (krac = 6.23 × 10−7). The krac values
increased in the order of n-hexane < CH2Cl2 < CH3CN < CHCl3 <methylcyclohexane < cyclohexane <
MeOH, showing a 1564 times acceleration in MeOH compared with that in hexane. In MeOH, a short
half-lifetime of 18.3 min was reckoned. Such solvent-dependent kinetics are apparently not simply
due to the polarity of the solvent, as methylcyclohexane, cyclohexane, and hexane are all nonpolar
solvents (Table 1), but showed drastically different krac values. However, it could be reasonably
accounted for by the host–guest complexation between the pillar[5]arene and solvent molecules
involved in the racemization process. The inclusion of n-hexane, CH2Cl2, and CH3CN into the cavity
of pillar[5]arenes has been characterized by single X-ray crystalline and NMR analysis [15,36–38].
The oxygen-through-annulus rotation will be blocked when the solvent molecule is located in the cavity
of pillar[5]arene, and the racemization kinetics will be significantly decelerated by the complexation
of the solvent molecules. This observation is a good explanation for why we get successful chiral
resolution only when using a mixture of CH2Cl2 and hexane as the eluent.

On the other hand, methylcyclohexane and cyclohexane are too big to be accommodated by the
cavity, and will primarily not interfere with the racemization of BP-f1. The slightly slower racemization
found in methylcyclohexane relative to that in cyclohexane is presumably due to the weak interaction
of the methyl group in methylcyclohexane with pillar[5]arene [39]. It is slightly unexpected that BP-f1

showed the fastest racemization kinetics in MeOH, which has a small size and thus is possible to enter
into the cavity of pillar[5]arene. We speculate that MeOH can destroy the hydrogen bond of NH and the
oxygen atom of adjacent units, and therefore can significantly improve the racemization kinetics of BP-f1.

Figure 4. Plot of ln(θ0/θt) against time of BP-f1 in in various solvents at 25 ◦C.
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Table 1. The rate constants of racemization (krac) and the estimated half-lives (t1/2) of pillar[4]arene[1]-
diaminobenzene (BP)-f1.1.

Solvent ET/(kcal mol−1) 2 krac/(s−1) 3 t1/2

n-Hexane 31.0 2.02 × 10−7 19.9 d
CH2Cl2 41.1 4.78 × 10−7 8.4 d
CH3CN 46.0 5.25 × 10−6 18.3 h
CHCl3 39.1 1.22 × 10−5 7.9 h

methylcyclohexane _ 2.12 × 10−4 27.2 min
cyclohexane 30.9 2.73 × 10−4 21.2 min

MeOH 55.4 3.16 × 10−4 18.3 min
1 The experiments were carried out at 298.15 K. 2 Reichardt’s solvent polarity parameter [40]. 3 The racemization
rate constant.

The temperature-dependent racemization kinetics of BP-f1 were investigated in different solvents.
Enantiopure BP-f1 was heated to different temperatures, and the time course of CDex was recorded
(Appendix B). The racemization rate constants at different temperatures were obtained by linear
regression analyses. The Eyring analysis by plotting ln(krac /T) as a function of 1/T showed good linear
relationships (Appendices B and C), and the active enthalpy changes (ΔH‡) and entropy changes
(ΔS‡) were obtained from the slope and intercept, respectively. Table 2 lists the active thermodynamic
parameters of the racemization of BP-f1 in the six solvents. Large positive active enthalpies were
observed in all of the solvents. The relatively smaller active enthalpy could be accounted for in the
context that the hydrogen bonds in BP-f1 were broken by the methanol. In most solvents, negative
entropy changes were observed, except for n-hexane and methylcyclohexane. This is possibly due to
the release of the included or partially included solvent molecule when BP-f1 flipping to change the
conformer to BP-f2.

Table 2. Thermodynamic parameters for racemization of BP-f1.

Solvent ΔG‡ 1/(kJ/mol−1) ΔH‡ /(kJ/mol−1) ΔS‡ /(J/mol−1)

n-Hexane 109.65 131.83 74.39
CH3CN 103.15 81.02 −74.21
CHCl3 101.03 93.34 −25.79

methylcyclohexane 94.21 97.54 11.16
cyclohexane 93.23 87.93 −17.79

MeOH 93.07 63.29 −99.87
1 The data was carried out at 298.15 K.

4. Conclusions

In conclusion, we have synthesized and successfully resoluted planar (PR)- and (PS)-enantiomeric
Boc-protected pillar[4]arene[1]diaminobenzene BP. The racemization kinetics of the chiral BP-f1 were
studied. Hexane and CH2Cl2 can maintain the enantiomeric forms of BP-f1 for long periods, because
of the complexation of the solvent molecules with the cavity of pillar[4]arene[1]diaminobenzene.
The racemization process was accelerated by increasing the temperature or use the solvents that cannot
thread into the cavity of BP or can destroy intramolecular hydrogen bond. The present study has
provided, for the first time, thermodynamic parameters of the pillararenes in different solvents that
will serve as an important guideline in studying the conformational properties of pillar[n]arenes.
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Appendix A. General Procedure for the Monitoring Racemization of BP-f1

The freshly prepared BP-f1 was dissolved in different solvents and subjected to the CD
measurement immediately.

The observed time-dependent CD changes satisfied the first-order kinetics (Scheme 1), in which
krac (s−1) is the rate constant for the racemization. The linear regression analysis of the CD data gave
the rate constants (krac). The half-life time (t1/2) was obtained from Equation (A1), as follows:

t 1
2
=

ln2
2krac

(A1)

The obtained krac values were analyzed according to the Eyring Equation (A2), as follows:

ln(krac/T) = ΔS‡ /R− ln(h/kB) − ΔH‡/RT (A2)

in which h is the Planck’s constant, kB is the Boltzmann constant, R (8.314 J K−1 mol−1) is the gas
constant, T (K) is the absolute temperature, ΔH‡ is the enthalpy of activation, and ΔS‡ is the entropy
of activation.

Appendix B.

Figure A1. Plot of ln(θ0/θt) against time of BP-f1 in CH3CN.

Figure A2. Plot of ln(θ0/θt) against time of BP-f1 in CHCl3.
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Figure A3. Plot of ln(θ0/θt) against time of BP-f1 in MCH.

Figure A4. Plot of ln(θ0/θt) against time of BP-f1 in CYH.

Figure A5. Plot of ln(θ0/θt) against time of BP-f1 in MeOH.

39



Symmetry 2019, 11, 773

Figure A6. Plot of ln(θ0/θt) against time of BP-f1 in CH2Cl2.

Appendix C.

Figure A7. Eyring plots for the racemization of BP-f1 in CH3CN.

Figure A8. Eyring plots for the racemization of BP-f1 in CHCl3.
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Figure A9. Eyring plots for the racemization of BP-f1 in MCH.

Figure A10. Eyring plots for the racemization of BP-f1 in CYH.

Figure A11. Eyring plots for the racemization of BP-f1 in MeOH.
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Abstract: The NMR phenomenon of self-induced diastereomeric anisochronism (SIDA) was observed
with an alcohol and an ester. The alcohol exhibited large concentration-dependent chemical shifts (δ’s),
which initially led us to erroneously consider whether two enantiomers were in fact atropisomers.
This highlights a potential complication for the analysis of chiral compounds due to SIDA, namely
the misidentification of enantiomers. A heterochiral association preference for the alcohol in
CDCl3 was determined by the intermolecular nuclear Overhauser effect (NOE) and diffusion
measurements, the same preference as found in the solid state. The ester revealed more subtle effects,
but concentration-dependent δ’s, observation of intermolecular NOE’s, as well as distinct signals for
the two enantiomers in a scalemic sample all indicated the formation of associates. Intermolecular
NOE and diffusion measurements indicated that homochiral association is slightly preferred over
heterochiral association in CDCl3, thus masking association for enantiopure and racemic samples of
equal concentration. As observed with the alcohol, heterochiral association was preferred for the
ester in the solid state. The potential problems that SIDA can cause are highlighted and constitute
a warning: Due care should be taken with respect to conditions, particularly the concentration,
when measuring NMR spectra of chiral compounds. Scalemic samples of both the alcohol and
the ester were found to exhibit the self-disproportionation of enantiomers (SDE) phenomenon by
preparative TLC, the first report of SDE by preparative TLC.

Keywords: self-induced diastereomeric anisochronism (SIDA); enantiomeric analysis; molecular
association; NMR; diffusion; molecular chirality; self-disproportionation of enantiomers (SDE)

1. Introduction

The NMR phenomenon of self-induced diastereomeric anisochronism (SIDA) occurs when chiral
molecules that associate in solution in a dynamic equilibrium that is fast on the NMR timescale have
significant condition-dependent NMR chemical shifts (δ’s). In such systems, molecules can be present
either as single molecules (SM), homochiral associates (HOM), or heterochiral associates (HET) in
solution (Figure 1). Since the formation constant for the association of homochiral molecules (Khom),
i.e., R with R or S with S, is likely to be different to the formation constant for the association of
heterochiral molecules (Khet), the positions of the two equilibria will likely be different. The observed
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chemical shift (δobs) of a nucleus is therefore the population-weighted average of the δ’s of the nucleus
in the three states SM, HOM, and HET [1,2]. Furthermore, as the equilibrium shifts with a change
in conditions (e.g., concentration), the contributions of the δ’s from the SM, HOM, and HET states to
the population-weighted average δ alter accordingly. Due to these dynamic effects, enantiopure and
racemic solutions can exhibit distinct spectra, and even distinct signals for the two enantiomers can
result in the case of scalemates [1,3]. The SIDA phenomenon has recently been well reviewed [1] and a
deeper explanation of SIDA is provided in Appendix A.

 

Figure 1. The dynamic equilibria of a chiral compound that forms homo- (HOM) and heterochiral
(HET) associates will yield different distributions of the enantiomers between the various associates
depending on their concentrations and the values of Khom and Khet. The transitory associates formed in
solution may consist of dimeric or higher-order oligomeric associates of variable size, but are depicted
here only as dimers for clarity. Due to dissimilar δ’s for SM, HOM, and HET, enantiopure and racemic
solutions can thus present distinct spectra, and even distinct signals for the two enantiomers can result
in the case of scalemates [1,3].

In one of our drug discovery projects, we recently encountered the SIDA phenomenon,
which caused us to ponder the identity of a pair of synthesized enantiomers and their resulting
derivatives. This process and the enigmatic results presented by the compounds were examined
in detail and the results are reported herein. In particular, we were interested in determining the
solution-state association preference, i.e., whether HOM or HET are favored. There are a number of
means to do this by NMR, including evaluation of T1s, T2s, and δ’s—though careful interpretation
is generally required for these parameters—as well as by more direct methods, including diffusion
measurements, enantiomeric titration [2,4], serial dilution, and nuclear Overhauser effect (NOE)
measurements. Knowledge of the solution-state association preference can have valuable practical
application: For example, which portion—the racemic portion or the enantiomeric excess portion—
is likely to elute first under chromatographic conditions that will lead to the self-disproportionation
of enantiomers (SDE), a related phenomenon [5–9] also based on the association of chiral molecules.
Such knowledge is particularly applicable for size-exclusion chromatography [10]. An explanation of
the SDE phenomenon is also provided in Appendix A.

2. Materials and Methods

2.1. Spectroscopy

NMR spectra were acquired at 25 ◦C using Bruker 14.1 T Avance and 9.4 T Avance III NMR
spectrometers operating at 600 and 400 MHz, respectively, for 1H nuclei, 150 and 100 MHz, respectively,
for 13C nuclei, and 376 MHz (9.4 T) for 19F nuclei. The chemical shifts of 1H and 13C nuclei are
reported relative to TMS (δ = 0 ppm for both) using the solvent signals as secondary standards
(δH = 7.26 ppm; δC = 77.16 ppm) while 19F nuclei were referenced externally to TFA (δ = −78.5 ppm).
Diffusion measurements were made without sample spinning using the bipolar pulse pair longitudinal
eddy current delay (BPPLED) sequence [11] employing half-sinusoidal gradient pulses. The gradient
strength was incremented linearly in 16 steps from 0.65 to 61.75 or 64.35 G/cm; the diffusion delay

46



Symmetry 2020, 12, 1106

big delta, Δ, was set to 50 ms; little delta, δ, to 2 ms; the gradient pulses to 1 ms; the eddy current
delay, Te, to 5 ms; the Aq and post-acquisition delay (PAD) times together totaled 9.4 s; and the number
of scans per gradient increment was 8 or 24. Numerical values for D were calculated based on the
area using curve-fitting procedures available in the standard Bruker Software Package TopSpin 3.6.
For selective 1-D NOESY spectra, 180◦ Gaussian-shaped pulses of 50- or 100-ms duration were used
for the double pulse spin echo with an optimal mixing time, τm, of 300 ms for short-range contacts.
The 13C NMR spectrum of (scl)-3 was acquired with a flip angle of 90◦, an Aq time of 7 s, and a PAD of
0.1 s to avoid the prominent sinc wiggles when a more typical Aq time is used followed by Fourier
transformation without any applied line broadening, necessary here to observe closely resonating
signals. To exclude temperature effects on the position of the equilibria, samples introduced into the
magnet were allowed to equilibrate for more than 5 min prior to the start of acquisition, a protocol
considered sufficient for temperature equilibration when the temperatures of the probe and the room
are effectively the same and when samples have been equilibrated to the temperature of the room for
more than 20 min. Longer times, more than 20 min, were used for temperature equilibration within
the magnet for probe temperatures different to the room temperature. In addition, proton spectra
were routinely checked after other spectra had been run, e.g., after a set of 2-D spectra or after a
carbon spectrum, and when re-inserting the sample at a later time. In all cases, changes in the proton
spectra were not observed. Samples were prepared as solutions of 20 mg in 700 μL in various solvents;
for (rac)-2 and (scl)-2, as saturated solutions (~3 mg mL−1) due to the insolubility of the racemate; or as
otherwise indicated.

IR spectra were recorded using a Bruker LUMOS instrument equipped with a germanium crystal
for ATR measurements. IR spectra were acquired at least twice for each sample using different aliquots
to check for consistency.

2.2. Preparative TLC

For preparative TLC, scalemic samples of the alcohols 2 {37.0 mg, ~70% enantiomeric excess (ee)}
and the esters 3 (20.2 mg, ~80% ee) were dissolved in chloroform and loaded onto preparative TLC
plates (PLC Silica gel 60 F254, 2 mm thickness, 20× 4 cm, Merck). After development (alcohols 2: Rf, 0.86;
distance traversed, 12 cm; esters 3: Rf, 0.66; distance traversed, 9 cm) using ethyl acetate–n-hexane
(8:1) as eluent, each of the resulting bands were divided into three fractions and the silica gel for each
fraction scratched off and collected. The compounds were desorbed from the silica gel using methanol
and, after filtration, the methanol removed under reduced pressure. The residual material was further
dried under high vacuum for 1 h, yielding recovered weights of 7.2, 23.4, and 2.4 mg for fractions
1–3, respectively, for alcohols 2; and 3.5, 11.9, and 4.0 mg for fractions 1–3, respectively, for esters
3. The recovery process unexpectedly resulted in esters 3 undergoing methanolysis to provide the
alcohols 2 as isolates (together with the methyl ester of the indole moiety). The ee’s of the fractions
of both 2 and 3 were thus analyzed similarly. The ee’s of the fractions were evaluated by 19F NMR
spectroscopy using (R)-1,1′-bi-2-naphthol as a chiral solvating agent (CSA) in CDCl3 at a concentration
of 21 mg/mL. 19F{1H} NMR spectra with inverse-gated decoupling were acquired with a flip angle of
30◦, an Aq time of 4 s, and a PAD of 3.0 s to ensure reliable quantitation of the ee. The 19F NMR FIDs
were first processed with a double Gaussian window function prior to Fourier transformation and the
signals of the enantiomers deconvoluted using Bruker NMR software (TopSpin 2.1). For the alcohols 2,
ee’s of 71.4%, 67.4%, and 64.5% were found for fractions 1–3 (Δee, 6.9%), respectively; while for the
esters 3, ee’s of 76.0%, 78.2%, and 86.8% were found for fractions 1–3 (Δee, −10.8%), respectively.

3. Results and Discussion

Starting from commercially available enantiopure acids (S)-1 and (R)-1, we synthesized the chiral
alcohols (S)-2 and (R)-2 and then esters (S)-3 and (R)-3 (Figure 2) in parallel fashion as potential
inhibitors of kallikrein-related peptidase 6 (KLK6) [12].
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Figure 2. The alcohols 2 and esters 3 studied in this work and the commercial acids 1 from which they
were prepared.

3.1. Analysis of Alcohols 2

Unexpectedly, the initially measured 1H NMR spectra of (S)-2 and (R)-2 in CDCl3 showed distinct
δ differences for all three methyl resonances H-12, H-11, and H-4 (Δδ’s of 0.02, 0.03, and 0.07 ppm,
respectively) (Figure 3). This led us to speculate that samples of (S)-2 and (R)-2 were not enantiomers
but perhaps atropisomers that had been unwittingly isolated during purification. After considering
that the NMR samples from which the spectra were recorded had been prepared with no attention
directed toward the solution concentrations, we prepared new samples of (S)-2 and (R)-2 at the same
concentration. The resulting 1H NMR spectra were essentially identical (Figure 3), suggesting that
what we were observing was a relatively strong case of SIDA, i.e., the deviations in the original spectra
were a result of differing degrees of molecular association as a consequence of only a 2-fold difference
in concentration. Of note, while the Δδ’s were substantial for the methyl Hs, with the signals all more
shielded at the increased concentration, only slight shielding was observed for the proton signals of the
phenyl ring (Figures S1 and S2). Sizeable deshielding for both the amide and hydroxyl proton signals
was seen at the increased concentration, indicative of strong hydrogen bonding and concomitant
molecular association (Figures S1 and S2).

 

Figure 3. 1H NMR spectra of (S)-2 (red spectra) and (R)-2 (blue spectra) in CDCl3. The original spectra
(top two traces) showed considerable differences for the methyl signals H-4, H-11, and H-12 due
to unequal concentrations (2-fold), while samples prepared at the same concentration (bottom two
traces) are considered identical. Regions for the OH, NH, and aromatic signals are presented in the
Supplementary Materials (Figures S1 and S2).
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These observations are unsurprising as the –CF3 group, due to its high electron withdrawing
capability, strongly enhances the hydrogen bonding capability of the hydroxyl group. Indeed, substances
containing a –CF3 group [9,13,14], and trifluoromethyl lactic acid derivatives in particular [10,15–24],
often highly express the SDE by chromatography, sublimation, and even distillation. What is unusual
in the case of (S)-2 and (R)-2 is that a difference in spectra is observed between two enantiomers;
usually, the differences in the spectra of two enantiomers are not stark. More often, it is the comparison
of the enantiomer to the racemate where differences are discernible. There may be several reasons
for this. First, the monomer vs. dimer/oligomer equilibrium probably lies well to the left in most
cases, so a small difference in the concentrations of two solutions only leads to a small difference in
the position of the equilibrium. This results in only a small change in the proportion of the associates
and thus a minimal difference in the spectra. Second, HET may be more favored in general (Wallach’s
rule [25]). This is not unlikely as >95% of compounds [26] that crystallize from a racemic solution form
a racemic crystallographic unit, i.e., they are racemic compounds (see Appendix A for the definition
of a racemic compound), though whether the solid-state preference is generally maintained in the
solution state is unknown.

In the case of (S)-2 and (R)-2, the large differences in the initial spectra for what seemed to be
inconsequential differences in concentration could be due to an intermediate value of Khom (hence small
changes in concentration provide significant changes in the proportion of the associates) and/or due to
large δ differences for the associate. This is possibly a result of the bulky substituents on both sides of the
amide leading to sizeable steric compression effects and/or the aromatic groups providing significant
aromatic ring current-induced shielding for proximally positioned nuclei. For the latter case, even small
shifts in the equilibria are able to provide sizeable differences in the spectra. Large observable Δδ’s can
thus arise either due to sizeable K’s, high concentrations, or the large differences between the δ’s of
nuclei in the various states (SM, HOM, and HET).

After having convinced ourselves that (S)-2 and (R)-2 were indeed enantiomers, we decided to
examine their unusual SIDA effects in more depth and to determine the association preference in
solution. We first prepared a sample of (rac)-2 in CDCl3 at the same concentration as the enantiopure
samples by mixing equal volumes of the (S)-2 and (R)-2 solutions. To our surprise, ~90% of the material
promptly precipitated out of this solution. This result indicates that (rac)-2 is a racemic compound,
at least when crystallizing from CDCl3 solution, and the association preference in the solid state is,
therefore, heterochiral. Because of the low solubility of (rac)-2, only dilute CDCl3 solutions (~3 mg
mL−1) of (S)-2, (rac)-2, and (scl)-2 (ee ~33%) could be compared, which limited the level of association
to such an extent that Δδ’s between the solutions of (S)-2 and (rac)-2 were practically imperceptible.
Furthermore, peak splitting (i.e., distinct signals for the two enantiomers) could not be observed for
(scl)-2, see Supplementary Materials Figures S3–S5. Other solvents were found to be unsuitable as
(rac)-2 showed a similarly low solubility in CD2Cl2 and (S)-2 was insoluble in CCl4 and d8-toluene.
In d6-acetone, d8-THF, and d3-acetonitrile, Δδ’s between the spectra of (S)-2 and (rac)-2 samples at the
same concentration were not observed, implying a lack of association in these solvents. In the case of
d8-THF, this was further supported by a sample of (scl)-2 at −11.8 ◦C, wherein peak splitting was not
observed for any 1H, 19F, or 13C nuclei.

That the association in CDCl3 is primarily hydrogen bond-based, as opposed to π–π stacking
for example, was supported by the suppression of the SIDA process in d6-acetone, d8-THF,
and d3-acetonitrile, and a possible hydrogen bond-based dimeric structure accounting for this is
depicted in Figure 4. Dimeric associates are likely in the case of 2, and such a constrained structure
could be expected to result in distinct K’s, as was found to be the case by NOE and D measurements
(vide infra).
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Figure 4. Possible structure of a hydrogen bond-based heterochiral dimeric associate of (S)-2 and (R)-2.
Such a structure has Ci symmetry and is therefore achiral while a homochiral dimeric associate would
have C2 symmetry and be chiral. The sizeable deshielding of the amide proton signal is also indicative
of it participating in hydrogen bonding concomitant with molecular association and analogous dimeric
associates involving it instead of the hydroxyl proton can be envisaged.

In order to directly detect association, we performed selective 1-D NOESY measurements on
samples of (S)-2 and (rac)-2 in CDCl3 at the same concentration. Irradiating either of the imidazolyl
methyls revealed that enhancement of the alkyl methyl signal (H-4) was greater for the racemic solution,
regardless of which imidazolyl methyl was irradiated, in comparison to the enantiopure solution
(Figure 5). The observed differences in the NOE’s must be due to association and the NOE’s are clearly
intermolecular due to the internuclear distances involved, more so given that the τm of 300 ms used is
optimal for short range contacts. The larger NOE enhancements for the racemic solution indicate that
HET is favored over HOM.

 

Figure 5. 1-D NOESY spectra of (rac)-2 (top two traces) and (S)-2 (bottom two traces) in CDCl3 at the
same concentration showing the region for the alkyl methyl Hs (H-4) whereby the imidazolyl methyls
H-11 and H-12 were successively selectively irradiated. The H-4 signal is more enhanced in both cases
for the sample of (rac)-2 indicative of greater association.

To confirm HET preference in CDCl3, we measured diffusion coefficients (D), calculating a
value of 1.11 × 10−9 m2s−1 for a sample of (rac)-2 and 1.44 × 10−9 m2s−1 for a sample of (S)-2 at the
same concentration. The faster diffusion of the molecules in the sample of (S)-2 indicates that the
equilibrium is positioned more toward single molecules, supporting the preference for HET found by
NOE measurements. Further explanation of the associate preference is provided in Appendix A.

The IR spectra of crystals of (S)-2 and crystals formed from a solution of (rac)-2 revealed
differences in the fingerprint region (Figures S19–S22), thus confirming the nature of the compound;
crystal formation containing both enantiomers in the unit cell is favored over the formation of
enantiopure crystals, i.e., it is a racemic compound. This is consistent with the solubility observation
and also is in concert with the solution-state association preference. Most notable is the strong sharp
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band for the OH stretch at 3327 cm−1 in the IR spectrum of crystals of (rac)-2, indicative of the presence
of strong hydrogen bonds, presumably intermolecular, and which was effectively absent in the IR
spectrum of crystals of (S)-2.

Since there is a strong molecular association occurring between the alcohols (S)-2 and (R)-2 in
solution, we wondered if this could result in manifestation of the SDE phenomenon and, moreover,
if this could be discerned by TLC. Despite trying a number of eluents, including 50% and 60% ethyl
acetate in n-hexane, 10% ethyl acetate in CHCl3, 10% methanol in CH2Cl2, and 40% methyl tert-butyl
ether in CH2Cl2 as well as the NMR solvent CHCl3 itself, we could not discern any indication for
the occurrence of the SDE (e.g., an enlargement of the spot for the scalemate relative to the spots
for the enantiomer and the racemate or to see a difference in Rf between the enantiomer and the
racemate). Though normally highly polar eluent mixtures are not recommended to observe the SDE in
cases where the intermolecular interactions are based on either hydrogen bonding or dipole–dipole
interactions due to suppression of the intermolecular interactions, highly polar eluent mixtures were
required in this instance to force the compounds to migrate up the TLC plate. Even using low polarity
eluents, e.g., 5% and 10% methyl tert-butyl ether in CHCl3, and recycling (i.e., developing the slide,
drying the slide, and then re-developing the slide again) several times to effect migration with the type
of “weak” eluent that is often most successfully used for SDE via column chromatography [13,27,28],
was unsuccessful.

A sample of (scl)-2 was also subjected to preparative TLC using silica gel as the stationary phase
and ethyl acetate–n-hexane (8:1) as the eluent. For a sample of ~70% ee loaded onto the plate, a Δee
(see Appendix A) of 6.9% was found across the three factions extracted from the resulting band. The first
eluting fraction was found to be more enantiopure than the ensuing fractions, which were progressively
more racemic. To the best of our knowledge, this is the first reported occurrence of the SDE via
preparative TLC. The fact that we could not observe any SDE effects by TLC was presumably due to
the low Δee, and higher resolution systems might be required for the SDE to become apparent [29].

3.2. Analysis of Esters 3

We did not expect analogous intermolecular interactions, and therefore SIDA, for esters 3 as the
hydroxyl group, which we thought to be important for forming the intermolecular hydrogen bonds
in alcohols 2, is not available. Indeed, samples of (S)-3, (R)-3, and (rac)-3 at identical concentrations
in CDCl3 all provided closely matched 1H (Figure 6, Figures S6 and S7), 19F (Figure S8), and 13C
(Figures S9–S13) NMR spectra. While this pointed to the anticipated lack of association, we realized
another scenario, although unlikely, was still possible: If 3 has similar values of Khom and Khet, together
with very similar δ’s for HOM and HET, the spectra would appear nearly identical despite association
being operative. Upon careful examination, association did appear to be taking place in CDCl3 as
evidenced by concentration-dependent Δδ’s, albeit to a lesser extent than was observed with alcohols
(S)-2 and (R)-2, and peak splitting of (scl)-3. For example, a 3.4-fold increase in the concentration for
ester (S)-3 only led to slight shielding of the imidazolyl and alkyl methyl H’s (0.01, 0.01, and <0.00 ppm)
(Figure S16) in comparison to the analogous Δδ’s for a 2-fold increase in the concentration for alcohols
(S)-2 and (R)-2 (0.02, 0.03, and 0.07 ppm) (Figure 3). By contrast, the signals of the indolyl methyl
Hs of ester (S)-3 were shielded by 0.05 ppm with a 3.4-fold increase in concentration (Figure S16).
With increased concentration, the signals of the aromatic indolyl protons H-22 and H-23 were shielded
significantly (by 0.06 and 0.03 ppm, respectively), while the signals of the phenyl H’s, like for alcohols
(S)-2 and (R)-2, and the signals of the methylene H’s were only slightly shielded (Figures S17 and S18).
As observed with alcohols 2, both the amide and indolyl NH signals of ester (S)-3 were deshielded with
increasing concentration (Figure S17), thus in contrast to all other carbon-bound signals, which were
shielded. The deshieldings of the amide and indolyl NH signals were smaller for 3 compared to 2,
thereby indicating weaker hydrogen bonding in the molecular associates. Of note though, the indolyl
NH signal shifted much more than the amide NH signal: 0.29 vs. 0.04 ppm. Furthermore, peak splitting
(Figures 7 and 8) in the spectrum for a sample of (scl)-3 in CDCl3 (50% ee) was only of very small
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magnitude and was only evident on two proton signals (H-11 and H-21), not evident at all on the
fluorine signal, and only observed on five carbon signals (C-7, C-13, C-19, C-20, and C-23), none of
which were methyls.

Small SIDA effects are consistent with smaller values for Khom and Khet or similar values for
Khom and Khet. The intermolecular interactions are still based on hydrogen bonds, but now involve
the indolyl NH rather than the hydroxyl, evident by the deshielding of the indolyl NH signal at the
increased concentration and its splitting in the scalemic sample. π–π stacking may possibly also be
involved in forming associates, and the amide NH too as its signal was also deshielded with increasing
concentration, though it was not split in the scalemic sample.

 

Figure 6. 1H NMR spectra of (R)-3 (bottom trace), (S)-3 (middle trace), and (rac)-3 (top trace) in CDCl3
at the same concentration for the region encompassing the methyl signals H-4, H-11, H-12, and H-26
revealed little difference between the spectra. Spectra showing the NH, methylene, and aromatic signals
are presented in the Supplementary Materials (Figures S6–S13).

 
Figure 7. 1H NMR spectra in CDCl3 of (scl)-3 for the indolyl NH (H-21, top trace) and one of the
imidazolyl methyls (H-11, bottom trace). These were the only two proton signals to show distinct
peaks for the two enantiomers. The time domain signal of the bottom trace was treated with a double
exponential function (Gaussian broadening = 0.3 Hz and line broadening = −0.7 Hz) prior to Fourier
transformation; no window function was applied to the top trace.
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Figure 8. 13C NMR spectra in CDCl3 of (scl)-3 for C-19 (top trace) and for C-20 (bottom trace)
of the indole moiety. These were the most divergent of the five carbon signals to show splitting.
Misrepresentation of the relative signal intensities due to unequal partial saturation from disparate T1s
or due to unequal truncation from disparate T2s for corresponding nuclei was not of concern as the
data was not used for quantitation. A description of the problems for quantitation due to disparate T1s
or T2s is presented in Appendix A.

If the ester forms a very flexible dimeric macrocycle involving the indolyl NH and the amide
carbonyl, or an oligomeric chain, then it is unsurprising that there is little difference in the K’s.
Additionally, there are no longer the large Δδ’s from steric compression and/or aromatic ring
current-induced shielding that are present in the alcohols (S)-2 and (R)-2 for the imidazolyl and
alkyl methyls. Hence, the spectra of the enantiopure and racemic samples are very similar and
there is not a strong concentration dependency. If Khom = Khet, distinct spectra can still result for
scalemates as long as δhom � δhet. Although the mole fraction of each enantiomer present in the
associates (i.e., HOM and HET together) would be the same for both enantiomers in such a case,
the distribution between HOM and HET would not be the same. However, with similar contents of
associates in both samples irrespective of their identity, and presumably similar δ’s between HOM and
HET, little discernible difference results in the spectra.

Selective 1-D NOESY measurements in CDCl3 for samples of (S)-3 and (rac)-3 with irradiation
of the imidazolyl methyl H’s revealed enhancements of the signals of the alkyl methyl (H-4), indolyl
methyl (H-26), and the aromatic indolyl H’s in both cases. Since NOE’s from the imidazolyl methyls
to the indole moiety can only be intermolecular, these NOE’s confirm the association. However,
more pertinently, the enhancements of the signals of the alkyl methyl (H-4), the indolyl methyl (H-26),
and the aromatic indolyl H’s could not be differentiated between samples of (S)-3 and (rac)-3 at the
same concentration (Figures S14 and S15), thereby indicating that HET and HOM are virtually equally
favorable, i.e., Khom ≈ Khet.

Measurement of D yielded a value of 9.05 × 10−10 m2s−1 for a sample of (rac)-3 and
8.43 × 10−10 m2s−1 for a sample of (S)-3 at the same concentration in CDCl3. The slightly faster
diffusion of the molecules in the racemic sample implies that the equilibrium is positioned more toward
the single molecules, i.e., HOM is preferred, though the small difference in diffusion rates clearly
implies that the values of Khom and Khet are very similar, in concert with the NOE measurements.

Differences were also observed in the IR spectra of crystals of (R)-3 and crystals formed from a
solution of (rac)-3 in the fingerprint region (Figures S23–S26), though the differences were less obvious
in comparison to the differences observed between the spectra of (S)-2 and (rac)-2. With the hydroxyl
group no longer available for strong hydrogen bonding, the intermolecular interactions for the ester
are likely to be weaker in the solid state, or at least the differences are not accentuated between homo-
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and heterochiral interactions, thus resulting in only small differences between the enantiopure and
racemic crystals. Again though, crystal formation containing both enantiomers (S)-3 and (R)-3 in the
unit cell is favored over the formation of enantiopure crystals from a racemic solution, i.e., (rac)-3 is
also a racemic compound.

Thus, the solution-state preference for esters (S)-3 and (R)-3 is different to their solid-state
preference as determined by diffusion measurements where HOM was found to be favored over HET,
albeit slightly, or at least HOM and HET are close in energy. Similar values for Khom and Khet were also
consistent with NOE measurements. The concentration dependencies of the δ’s for the esters (S)-3 and
(R)-3 are more typical for enantiomers in that the Δδ’s with changes in concentration are relatively
small and, thus, less apparent. Similar values for Khom and Khet, along with likely similar δ’s for HOM
and HET, explain why the spectra of the enantiomers and the racemate are nearly identical, and also
why there was only minimal splitting of the peaks for a scalemic sample.

The same TLC analyses of a sample of (scl)-3 also failed to provide measurable detection of the
SDE phenomenon, but nevertheless, (scl)-3 was also subjected to preparative TLC, again using silica
gel as the stationary phase and ethyl acetate–n-hexane (8:1) as the eluent. For a sample of ~80% ee
loaded onto the plate, a Δee of −10.8% was found across the three factions extracted from the resulting
band. The negative sign for Δee indicates that the first eluting fraction was more racemic than the
ensuing fractions, which were progressively more enantiopure, and, thus, the elution order is opposite
to that of alcohols (S)-2 and (R)-2. Given that the elution order is unpredictable and varies among
compounds [28,30], the reverse order for esters (S)-3 and (R)-3 relative to alcohols (S)-2 and (R)-2 is
unsurprising, especially since there is a substantial change in the intermolecular interactions with
esterification of the hydroxyl group. In line with this change, a shift in the solution-state association
preference was also observed.

4. Conclusions and Final Comments

In addition to the well-known complications arising from SIDA in the comparison of enantiopure
and racemic samples and peak splitting in the spectra of scalemic samples, sometimes the comparison of
enantiopure samples can present problems. We suggest that the sizeable Δδ’s more often seen between
enantiopure and racemic samples is because HET is much more preferred (Khet >> Khom), in accordance
with Wallach’s rule [25] for crystal structures. For alcohol 2, particular structural features provided
the large Δδ’s for enantiopure samples of varying concentrations even though HET was shown to
be preferred over HOM. For 2 and 3, the solution-state association preference was demonstrated by
intermolecular NOE’s and/or diffusion measurements. For 2, the heterochiral solution-state preference
is the same as the solid-state preference while for 3, the homochiral solution-state preference is
different to the solid-state preference, although the preference is slight. Similar values for Khom and
Khet, along with likely similar δ’s for HOM and HET, explain why the spectra of (S)-3 and (R)-3 in
comparison to (rac)-3 are nearly identical, and also why there was only very slight splitting observed
for a few signals of (scl)-3.

There are a number of potential problems due to SIDA in addition to the aforementioned
enantiopure vs. enantiopure sample comparison, such as the much more common problem of
enantiopure vs. racemic sample comparison and the comparison of spectra to literature or databank
spectra, where the concentration or composition (enantiopure or racemate) is unknown. In the latter
case, spectra may look similar but are not exactly the same, yet researchers may have proven the
structure of their compound, leading them to think that perhaps it is the racemate they possess and
the literature or databank presents a spectrum of an enantiopure sample or vice versa. For scalemic
samples, there is the additional problem that distinct peaks arising from the minor enantiomer can
be misconstrued as impurities. We hope that this study presents a warning to practitioners to be
on the lookout for the occurrence of SIDA in their own research and the problems it can cause,
namely confusion, misidentification, and incorrect evaluation of purity, and thus caution is advised
and care should be duly exercised when analyzing chiral compounds that are likely to form associates
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in solution with respect to the prevailing conditions, particularly the concentrations of the analytes.
However, SIDA also represents an opportunity to be taken advantage of, e.g., the determination of the
ee becomes simple when conditions are right [1,3]. Furthermore, with the occurrence of SIDA, one may
consider if unconventional enantiopurification methods, such as SDE via chromatography, could be
applicable as the two phenomena often occur together.

Finally, scalemic samples of both the alcohols 2 and the esters 3 were found to exhibit the
phenomenon of SDE via preparative TLC; to the best of our knowledge, this is the first report of SDE
by that form of chromatography. Interestingly, opposite orders of elution were observed for the two
compounds. An interesting question is: Should the SDE be expected to be more or less prevalent for
preparative TLC in comparison to column chromatography? Theory predicts that scaling down a
system should result in enhancement of the SDE [29]; on the other hand, in practice, workers are likely
to use lower loadings in preparative TLC in comparison to column chromatography and also to use
stronger eluting solvents, conditions that are both expected to suppress the SDE [13,27,28].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/12/7/1106/s1,
further NMR spectra (Figures S1–S18) and IR spectra (Figures S19–S26).
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Appendix A Background to SIDA and SDE

Appendix A.1 SIDA

Appendix A.1.1 The Origin of SIDA

The SIDA phenomenon results from dynamic equilibria where chiral molecules can be present
either as single molecules (SM), homochiral associates (HOM), or heterochiral associates (HET) in
solution (Figure 1). Since the formation constant for the association of homochiral molecules (Khom),
i.e., R with R or S with S, is likely to be different to the formation constant for the association of
heterochiral molecules (Khet), then the positions of the two equilibria will differ at the same analyte
concentration. The resulting observed chemical shift (δobs) of a nucleus for a dynamic equilibrium that
is fast on the NMR timescale is therefore the population-weighted (based on mole fraction, χ) average
of the δ’s of these three states (Equation (A1)) [1,2]:

δobs = χsm · δsm + χhom · δhom + χhet · δhet. (A1)

A possible consequence is that enantiopure and racemic solutions of a chiral compound may
not have identical spectra, even at the same concentration. As a consequence of the position of
the equilibrium shifting, the δ’s can be very temperature, concentration, and solvent dependent [1].
Moreover, it is possible for a scalemic sample to exhibit distinct NMR signals for the two enantiomers
present for some of the nuclei since the mole fractions of each enantiomer within each state will
not necessarily be the same. When distinct signals are present, integration or deconvolution of the
signals provides the ee of the sample directly without any external chirality in favorable cases [1,3],
i.e., a sample’s ee can be evaluated by simple achiral NMR without recourse to such methods
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as chiral shift reagents, chiral derivatizing agents, CSAs, or HPLC using chiral stationary phases.
The phenomenon is illustrated schematically for a hypothetical scalemic sample in Figure A1.

 
Figure A1. Illustrative example for an NMR signal in a scalemic sample (2.5:1, ee = 43%), where the
final summed result has distinct peaks representing the two enantiomers. Signal intensities have been
set with respect to the χ of each species for each enantiomer present within that species and the relative
concentrations of the enantiomers with respect to each other. In the net result, peak integration yields
the sample ee directly.

Appendix A.1.2 Potential Sources of Error in the Quantitation of Ee by SIDA

It has been erroneously assumed [1] that the T1s and T2s for corresponding pairs of nuclei in
the two enantiomers participating in a dynamic equilibrium in a scalemate are identical and thus
equally affected by partial saturation and signal truncation arising from T1 and T2 abuse, respectively.
Consequently, the possibility of misrepresentation of relative signal intensities for distinct SIDA signals
due to these effects is disregarded for quantitation purposes if this is believed. These assumptions,
however, are not valid.

Analogous to Equation (A1) for δobs, the T1 observed (T1,obs) for a particular nucleus is the
population-weighted average of the T1s of the SM, HOM, and HET states (Equation (A2)):

T1,obs = χsm · T1,sm + χhom · T1,hom + χhet· T1,het. (A2)

Since the distribution between the three states is not the same for the two enantiomers in a
scalemate, the T1s of corresponding nuclei may potentially differ significantly for the two enantiomers
in a particular system. If partial saturation occurs for the signals used for quantitation due to T1 abuse,
i.e., poor choice of the time allowed for relaxation and/or flip angle, then erroneous evaluation of the
ee may result. This is a consideration that should be borne in mind when quantifying signals under
such conditions and, if need be, measurement of the T1s should be undertaken.

For nuclei with T2s that are long relative to the Aq times typically used, e.g., 13C nuclei, truncation
of the FID can similarly potentially lead to erroneous quantitation of the ee. Analogous to Equations (A1)
and (A2), the T2 observed (T2,obs) for a particular nucleus is similarly the population-weighted average
of the T2s of the SM, HOM, and HET states (Equation (A3)):

T2,obs = χsm · T2,sm + χhom · T2,hom + χhet· T2,het. (A3)

Since the distribution between the three states is not the same for the two enantiomers in
a scalemate, the T2s of corresponding nuclei may potentially also differ significantly for the two
enantiomers in a particular system. If truncation occurs for the signals used for quantitation due to
T2 abuse, i.e., the Aq time is too short, then erroneous evaluation of the ee may result. This is also
a consideration that should be borne in mind when quantifying signals under such conditions and,
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if need be, measurement of the T2s should be undertaken if it is not apparent otherwise that the FID is
being truncated. To a degree, issues with T2 can be rectified by linear prediction processing.

Additionally, for nuclei that are routinely acquired with NOE enhancement, e.g., 13C nuclei,
there is also the possibility of erroneous measurement of the ee due to the NOE since the NOE
effects on the corresponding pairs of nuclei in the two enantiomers are again not necessarily equal.
Differences can potentially arise from intermolecular NOE’s in the associates, intramolecular NOE’s
altered by conformational changes due to association, and changes in the NOE enhancement due to
changes in the molecular correlation time as a result of association. Again, any differences between
corresponding nuclei pairs in the two enantiomers is a consequence of the unequal distribution among
the SM, HOM, and HET states and the NOE observed (ηobs) for the signal of a particular nucleus is the
population-weighted average of the η‘s of the SM, HOM, and HET states (Equation (A4)):

ηobs = χsm · ηsm + χhom · ηhom + χhet · ηhet. (A4)

In practice, errors in the measurement of ee due to the NOE are likely to be negligible in all but
exceptional cases. Nevertheless, if pulse sequences that utilize decoupling and thus give rise to an NOE
can be avoided (such is the case for 19F and 31P nuclei) or the NOE is suppressed by use of a relaxation
agent, then it may be safer to do so since determination of the effect of NOE in these circumstances
is difficult.

Of note, these concerns regarding quantitation apply equally well when using a CSA for the
measurement of ee.

Appendix A.1.3 Identification of Associate Preference by Diffusion

As per δ, T1, T2, and η, the diffusion rate can also be described in terms of a population-weighted
average of the SM, HOM, and HET states (Equation (A5)):

Dobs = χsm · Dsm + χhom · Dhom + χhet · Dhet. (A5)

For a comparison of racemic and enantiopure samples to ascertain the associate preference,
the diffusion rates of HOM and HET are considered to be of equal value and to be greater than the
diffusion rate of SM, i.e., Dhom ≈Dhet > Dsm. If a racemic sample of equal total molecular concentration
to an enantiopure sample is found to have a slower diffusion rate than an enantiopure sample, then the
formation of associates in the racemic sample must be greater, which can only be accounted for by the
formation of HET, since in an enantiopure sample, only HOM are possible. Thus, the formation of HET
is concluded to be favored over HOM in such a scenario. The converse applies if the racemate has a
faster diffusion rate than an enantiopure sample since in a racemic sample, the concentrations of each of
the enantiomers are only half that of an enantiopure sample at the same total molecular concentration.
Thus, a faster diffusion rate for a racemic sample infers that there is less overall association and HET is
concluded to be less favored than HOM in such a scenario.

Appendix A.2 SDE

Analogous to the SIDA explanation, an alternative way to perceive SDE via chromatography
(SDEvC) is to consider it in terms of contributing species to a population-weighted averaged velocity
(νobs) along the chromatographic column for each enantiomer according to the χ spent in each state
(Equation (A6)):

νobs = χsm · νsm + χhom · νhom + χhet · νhet. (A6)

A crucial difference to SIDA is that for SDEvC, the conditions change with the progress of the
chromatography due to dilution and the separation of the enantiomeric excess and racemic portions.
In other words, the concentrations and relative proportions of the enantiomers alter spatially with
chromatographic development (i.e., along the peak profile—the SDE effect), thus it is a dynamic system
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and the situation at any time point is only transitory while SIDA is very much a static system at the
macroscopic level. Therefore, it is important to note that the above equation does not describe the
chromatographic outcome in reality, and it is only an illustrative guide for pedagogical purposes
for comprehending the SDE phenomenon. The pertinent point of the equation is that there can be
various contributions to the separation of the enantiomeric excess and racemic portions due to the
SDE phenomenon: Single molecules vs. dimers, homochiral vs. heterochiral associates, oligomers vs.
monomers/dimers, and so on. Thus, with different proportions spent in each state for each enantiomer,
νobs is likely to be different for the two enantiomers. The proportions that each possible differentiating
contrast contributes to the separation of the enantiomeric excess and racemic portions is dependent on
the particular system: Compound, ee, stationary phase, and eluent. If the νobs’s for the two enantiomers
happen to be the same for a particular system with a particular ee, no separation of the enantiomeric
excess and racemic portions will be observed, i.e., no SDE will occur, at least until dilution due to
chromatographic development takes effect. It is worth noting that, unlike SIDA, the appearance of
partially separated peaks will not represent the two enantiomers; instead, they represent the burgeoning
separation of the enantiomeric excess and racemic portions of the sample.

Appendix A.3 Some Notes on Terminology

A compound whose racemic solution preferentially deposits racemic crystals, i.e. the unit cell
contains equal numbers of R and S configured molecules, is termed a racemic compound [26].

A number of parameters have been defined to quantify the SDE [8], but by far the most important
is the magnitude of the SDE (Δee), defined [27] as (Equation (A7)):

Δee = eefraction with the highest ee − eefraction with the lowest ee. (A7)

It is worth noting that Δee is not necessarily the difference between the first and last fractions
obtained, for example, from chromatography as these may not necessarily be the fractions with the
highest and lowest ee’s.
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Abstract: A porphyrin analogue embedded with (S)-1,1′-bi-2-naphthol units was synthesized without
reducing optical purity of the original binaphthol unit. This new macrocyclic ligand provides the
hexaanionic N4O4 coordination environment that enables a linear array of three metal ions. That is,
it provides the square planar O4 donor set for the central metal site and the distorted square planar
N2O2 donor set for the terminal metal sites. In fact, a CuII

3 complex with a Cu(1)–Cu(2) distance of
2.910 Å, a Cu(1)–Cu(2)–Cu(1′) angle of 174.7◦, and a very planar Cu2O2 diamond core was obtained.
The variable-temperature 1H-NMR study of the CuII

3 complex showed increasing paramagnetic shifts
for the naphthyl protons as temperature increased, which suggests strong antiferromagnetic coupling
of CuII ions. The temperature dependence of the magnetic susceptibility indicated antiferromagnetic
coupling both for the CuII

3 complex (J = −434 cm−1) and for the NiII3 complex (J = −49 cm−1).
The linear (L)M(μ-OR)2M(μ-OR)2M(L) core in a rigid macrocycle cavity made of aromatic components
provides robust metal complexes that undergo reversible ligation at the apical sites of the central metal.

Keywords: porphyrinoids; multinuclear complexes; chiral ligands; circular dichroism; paramagnetic
NMR; magnetochemistry

1. Introduction

Porphyrin analogues provide well-preorganized metal sites due to their rigid molecular structure
made of aromatic building blocks with extended π-electron delocalization. In particular, the coordination
chemistry of porphyrin analogues of a large ring size has extensively been studied and a number of
multinuclear metal complexes have been generated [1–3]. Ligands for supporting multimetallic units
in a designed arrangement of metals are of great importance because an unusual electronic structure
and reactivity are expected for such metal assemblies. In fact, the magnetochemistry of dinuclear CuII

complexes of such porphyrin analogues has been studied extensively, and the catalytic activity of
dinuclear Co complexes has been reported [4–10]. However, examples of trinuclear and tetranuclear
complexes of porphyrin analogues are still quite limited [11–17]. It is well known that two parts of
mononuclear complexes such as (L)M(OR)2 are bridged by the third metal to give trinuclear complexes
(L)M(μ-OR)2M(μ-OR)2M(L), where three metals are assembled in a linear array by the multipleμ-alkoxy
bridges to generate a M3O4 core with strong metal–metal interaction [18–30]. These complexes are not
so stable because of the relatively weak ligation to the central metal, in addition to the steric repulsion
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between two mononuclear complexes. Inclusion of such trinuclear units inside a large macrocycle
would improve their stability against decomposition, which is helpful to gain further insight into
the properties and reaction behaviors of trinuclear complexes. Examples of linear trinuclear CuII

complexes of macrocyclic ligands are not abundant [31–33]. For example, the trinuclear CuII complex
A of an octaazacryptand ligand was recently reported [32] (Figure 1).

 
Figure 1. The reported trinuclear metal complexes (A and (S)-5a) of macrocyclic ligands and
1,1′-binaphthyl dipyrrin conjugates (B–E).

When a dipyrrin unit and a 1,1′-binaphthyl unit are combined, such hybrid molecules can generate
metal complexes with interesting chiroptical properties (Figure 1). In the reported compounds, B and C,
the 1,1′-binaphthyl unit was substituted with dipyrrin boron complexes and a bisdipyrrin zinc complex,
respectively [34,35]. Compound C is a highly diastereoselective (>99% d.r.) helicate, and compound B
showed redox-induced switching of the chiroptical signal. Macrocycles, D and E, were prepared via the
condensation of tri- and tetrapyrrolic dialdehydes with 1,1′-binaphthyl-2,2′-diamine, and they contain
the chiral atropisomeric 1,1′-binaphthyl substructure as a part of the ring system [36]. However, these
macrocycles have never been studied extensively. It is also noteworthy that enantioselective recognition
of carboxylate anions was achieved by chiral calix[4]pyrroles bearing an (R)- or (S)-1,1′-bi-2-naphthol
strap [37]. We previously developed a stable and relatively rigid macrocycle with direct bonding
between the binaphthyl ring carbon and the pyrrole ring carbon through a cross-coupling reaction,
where four hydroxy groups and two dipyrrins are preorganized to support a linear trinuclear metal
system [17]. In that preliminary communication, we reported the X-ray crystal structure of the tricopper
complex (S)-5a and showed reversible coordination of the amine to the apical site of the central Cu ion
(Figure 1). Here, we describe the chemistry of the trinuclear metal complexes of these porphyrinoid
ligands embedded with binaphthol units in detail, including previous results of the X-ray structure and
coordination chemistry of (S)-5a. We synthesized an analogous CuII

3 complex (S)-5b having different
alkyl substituents at the macrocycle core from those in (S)-5a, and the corresponding NiII3 complexes,
(S)-6a and (S)-6b, were also prepared (Scheme 1). In particular, the magnetic properties of these CuII

3

and NiII3 complexes are discussed extensively on the basis of paramagnetic 1H-NMR in solution and
magnetic susceptibility in solid state.
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Scheme 1. Synthesis of binaphthol-embedded porphyrin analogues. Atom numberings in the
1,1′-binaphthyl unit shown in 1a and 1b are applied to all compounds.

2. Materials and Methods

General: A Varian Inova 400 spectrometer (400 MHz) was used for the 1H-NMR measurement.
Chemical shifts were recorded against (CH3)4Si (0 ppm) as an internal standard. The ultraviolet
(UV)–visible and circular dichroism (CD) spectra were measured on a JASCO V-570 spectrometer
and J-820F spectropolarimeter, respectively. A YANACO MT-5 CHN recorder was employed for
elemental analyses. An Applied Biosystems Mariner mass spectrometer was used for the measurement
of electrospray ionization (ESI) time-of-flight (TOF) MS spectra.

5-Carboethoxy-4-ethyl-3-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)pyrrole

(2-Borylpyrrole) (1a): a tetrahydrofuran (THF) solution (6 mL) of 5-carboethoxy-4-ethyl-3-methyl-
2-iodopyrrole (470 mg, 1.53 mmol), 4,4,5,5-tetramethyl-1,3,2-dioxoborolane (235 mg, 1.84 mmol),
dichlorobis(triphenylphosphine)palladium(II) (17.4 mg, 0.025 mmol), and triethylamine (430 mg,
4.26 mmol) was refluxed gently with stirring for 2 h under argon. The reaction mixture was evaporated
under vacuum and then hexane was added to the residue. The formed precipitate was filtered off and
the filtrate was evaporated to give the oily substance in almost quantitative yield. This 2-borylpyrrole
was used for the cross-coupling reaction without further purification. 1H-NMR (400 MHz, δ-value in
CDCl3) 9.08 (broad s, 1H, NH); 4.32 (q, 2H, J = 7.1 Hz, OCH2Me); 2.74 (q, 2H, J = 7.3 Hz, CH2Me); 2.21
(s, 3H, pyrrole β-Me); 1.35 (t, 3H, J = 7.1 Hz, OCH2Me); 1.30 (s, 12H, dioxoborolane-Me); 1.11 (t, 3H,
J = 7.3 Hz, pyrrole β-CH2Me). ESI-MS 308.24/308.20 (found/calculated for (C16H26BNO4 (M) + H)+).

5-Carboethoxy-3,4-diethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)pyrrole

(2-Borylpyrrole) (1b): This compound was prepared from 5-carboethoxy-3,4-diethyl-2-iodopyrrole
according to the procedure for 1a [38,39]. 1H-NMR (400 MHz, δ-value, CDCl3) 9.17 (broad s, 1H, NH),
4.32 (q, 2H, J = 7.2 Hz, OCH2Me), 2.75 and 2.65 (2q, 4H, J = 7.5 and 7.5 Hz, pyrrole β-CH2Me), 1.36 (t,
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3H, J = 7.2 Hz, OCH2Me), 1.30 (s, 12H, dioxoborolane-Me), 1.15 and 1.13 (2t, 6H, J = 7.5 and 7.5 Hz,
pyrrole β-CH2Me).

(S)-3,3′-Bis(5-carboethoxy-4-ethyl-3-methyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-2a): To a mixture
of (S)-3,3′-diiodo-1,1′-bi-2-naphthol (345 mg, 0.64 mmol), 5-carboethoxy-4-ethyl-3-methyl-2-
(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)pyrrole (1a) (ca. 1.5 mmol), tris(dibenzylideneacetone)
dipalladium (60.4 mg, 0.066 mmol), and tricyclohexylphophine (40.2 mg, 0.14 mmol), an aqueous
solution (1.2 mL) of potassium phosphate tribasic (430 mg, 2.0 mmol) and dioxane (6 mL) was added.
The reaction mixture was heated at 90–100 ◦C with stirring under argon for 24 h. After cooling, the
reaction mixture was partitioned between CH2Cl2 and water. The organic products were extracted from
the water layer with CH2Cl2. The combined organic layer was dried over anhydrous Na2SO4 and then
evaporated to dryness under vacuum. The residue dissolved in acetone was passed through a silica
gel column. This acetone solution was evaporated and then crystallized from methanol to afford white
powders (248 mg) of the cross-coupling product. Yield 60%. 1H-NMR (400 MHz, δ-value in CDCl3)
9.60 (broad s, 2H, NH); 8.16 (broad s, 2H, 1,1′-binaphthyl-4,4′-H); 7.93 and 7.17 (2 broad signals, 4H,
1,1′-binaphthyl-5,5′,8,8′-H); 7.42 and 7.32 (2 broad signals, 4H, 1,1′-binaphthyl-6,6′,7,7′-H); 5.59 (broad
s, 2H, OH); 4.28 (broad signal, 4H, OCH2Me); 2.87 (broad signal, 4H, pyrrole β-CH2Me); 2.33 (s, 6H,
pyrrole β-Me); 1.32 (broad signal, 6H, OCH2Me); 1.20 (t, 6H, J = 7.5 Hz, pyrrole β-CH2Me). ESI-MS
667.27/667.27 (found/calculated for (C40H40N2O6 (M) +Na)+). Analysis calculated for C40H40N2O6: C,
74.50; H, 6.25; N, 4.34. Found: C, 73.94; H, 6.21; N, 4.27.

(S)-3,3′-Bis(5-carboethoxy-3,4-diethyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-2b): This compound
was prepared from 5-carboethoxy-3,4-diethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)pyrrole
(1b) according to the procedure for (S)-2a. Yield 76%. 1H-NMR (400 MHz, δ-value in CDCl3) 9.54
(broad s, 2H, NH); 8.14 (broad s, 2H, 1,1′-binaphthyl-4,4′-H); 7.91 and 7.16 (broad 2d, 4H, J = 7.9 and
8.3 Hz, 1,1′-binaphthyl-5,5′,8,8′-H); 7.41 and 7.32 (2 broad signals, 4H, 1,1′-binaphthyl-6,6′,7,7′-H); 5.60
(broad s, 2H, OH); 4.26 (broad signal, 4H, OCH2Me); 2.83 and 2.72 (2 broad q, J = 7.3 and 7.3 Hz, 8H,
pyrrole β-CH2Me); 1.31 (broad signal, 6H, OCH2Me); 1.27 and 1.24 (2t, 12H, J = 7.3 and 7.3 Hz, pyrrole
β-CH2Me). ESI-MS 673.33/673.32 (found/calculated for (C42H44N2O6 (M) + H)+). Analysis calculated
for C42H44N2O6: C, 74.98; H, 6.59; N, 4.16. Found: C, 75.13; H, 6.35; N, 3.79.

(S)-3,3′-Bis(4-ethyl-3-methyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-3a): A mixture of
(S)-3,3′-bis(5-carboethoxy-4-ethyl-3-methyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-2a) (980 mg, 1.48 mmol),
NaOH (950 mg, 23.8 mmol), ethanol (13 mL), dioxane (13 mL), and water (6.5 mL) was heated with
stirring at 80 ◦C for 5 h under argon. After cooling, 5N HCl (6 mL) was added dropwise. The formed
precipitates were filtered, washed with water, and then dried. To this carboxylic acid was then added
ethylene glycol (20 mL), and the mixture was heated at 160 ◦C for 2 h under argon. Water was added
to the cooled solution to form gray powders. The formed precipitates were filtered, washed with
water, and then dried to give 553 mg of the product. Yield 83%. 1H-NMR (400 MHz, δ-value in CDCl3)
8.92 (broad s, 2H, NH); 8.10 (s, 2H, 1,1′-binaphthyl-4,4′-H); 7.90 and 7.15 (2 broad d, 4H, J = 8.1 and
8.3 Hz, 1,1′-binaphthyl-5,5′,8,8′-H); 7.38 and 7.26 (2 broad t, 4H, 1,1′-binaphthyl-6,6′,7,7′-H); 6.69
(s, 2H, pyrrole-α-H); 5.55 (broad s, 2H, OH); 2.55 (q, 4H, J = 7.5 Hz, pyrrole β-CH2Me); 2.35 (s, 6H,
pyrrole β-Me); 1.26 (t, 6H, J = 7.5 Hz, pyrrole β-CH2Me). ESI-MS 501.30/501.25 (found/calculated for
(C34H32N2O2 (M) +H)+). Analysis calculated for C34H32N2O2: C, 81.57; H, 6.44; N, 5.60. Found: C,
81.04; H, 6.28; N, 5.44.

(S)-3,3′-Bis(3,4-diethyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-3b): This compound was prepared from
(S)-3,3′-bis(5-carboethoxy-3,4-diethyl-2-pyrryl)-1,1′-bi-2-naphthol (S)-2b according to the procedure
for (S)-3a. Yield 60%. 1H-NMR (400 MHz, δ-value in CDCl3) 8.78 (broad s, 2H, NH); 8.07 (s, 2H,
1,1′-binaphthyl-4,4′-H); 7.89 and 7.15 (2 broad d, 4H, J = 8.1 and 8.3 Hz, 1,1′-binaphthyl-5,5′,8,8′-H);
7.37 (ddd, 2H, J = 8.1, 7.0, 1.2 Hz, 1,1′-binaphthyl-6,6′- or -7,7′-H); 7.27 (ddd, 2H, J = 8.3, 7.0, 1.2 Hz,
1,1′-binaphthyl-6,6′- or -7,7′-H); 6.68 (s, 2H, pyrrole-α-H); 5.53 (broad s, 2H, OH); 2.74 and 2.58 (2q, 8H,
J = 7.6 and 7.6 Hz, pyrrole β-CH2Me); 1.30 and 1.28 (2t, 12H, J = 7.6 and 7.6 Hz, pyrrole β-CH2Me).
ESI-MS 559.25/560.30 (found/calculated for (C36H36N2O2 (M) + MeOH)+). Analysis calculated for
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C36H36N2O2: C, 81.79; H, 6.86; N, 5.30; analysis calculated for C36H35LiN2O2: C, 80.88; H, 6.60; N, 5.24.
Found: C, 80.98; H, 6.47; N, 5.11.

(S)-24,51-Diphenyl-22,26,49,53-tetraethyl-21,27,48,54-tetramethyl-57,58,61,62-tetrahydroxy-55,

56,59,60-tetraaza-tridecacyclo(50,2,1,12,10,04,9,111,19,012,17,120,23,125,28,129,37,031,36,138,46,039,44,147,50)

dohexaconta-1(54),2(62),3,5,7,9,11,13,15,17,19(61),20(60),21,23,25,27,29(58),30,32,34,36,38,40,42,44,46

(57),47(56),48,50,52-triacontaene ((S)-4a): To (S)-3,3′-bis(4-ethyl-3-methyl-2-pyrryl)-1,1′-bi-2-naphthol
((S)-3a) (127 mg, 0.25 mmol), dry CH2Cl2 (25 mL), trifluoroacetic acid (28.5 mg, 0.25 mmol),
and benzaldehyde (40 mg, 0.38 mmol) were added under argon. After the mixture was stirred for 24 h
at ambient temperature, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (133 mg, 0.59 mmol) was
added. The reaction mixture was stirred for 2 h at ambient temperature. The resulting solution was
washed with 2% aqueous HClO4 solution, and then with 5% aqueous K2CO3 solution. The organic
layer was dried over Na2SO4, and then purified by column chromatography on silica gel. The purple
fraction eluted with CH2Cl2–acetone (10/1) was evaporated to dryness, and the residue was washed
with methanol. Recrystallization from CH2Cl2–hexane gave a purple powder (87 mg). Yield 58%.
1H-NMR (400 MHz, δ-value in CDCl3) 8.34 (s, 4H, 1,1′-binaphthyl-4,4′-H); 7.80 and 7.00 (2 broad d, 8H,
J = 7.9 and 8.3 Hz, 1,1′-binaphthyl-5,5′,8,8′-H); 7.52 (m, 6H, phenyl-o,p-H)); 7.43 (t, 4H, J = 7.4 Hz,
phenyl-m-H); 7.24 and 7.16 (2 broad t, 8H, 1,1′-binaphthyl-6,6′,7,7′-H); 2.43 (s, 12H, pyrrole β-Me);
1.87 and 1.65 (2m, 8H, pyrrole β-CH2Me); 0.74 (t, 12H, J = 7.4 Hz, pyrrole β-CH2Me). UV–vis (λmax

(log ε) in CH2Cl2) 347 (4.78), 553 (sh, 4.75), 572 (4.76). ESI-MS 1173.40/1173.53 (found/calculated for
(C82H68N4O4 (M) +H)+). Analysis calculated for C82H68N4O4·0.5(H2O)·(CH2Cl2)(C6H14): C, 78.97; H,
6.33; N, 4.14. Found: C, 78.81; H, 6.28; N, 4.17.

(S)-24,51-Diphenyl-21,22,26,27,48,49,53,54-octaethyl-57,58,61,62-tetrahydroxy-55,56,59,60-

tetraaza-tridecacyclo(50,2,1,12,10,04,9,111,19,012,17,120,23,125,28,129,37,031,36,138,46,039,44,147,50)dohexaconta-

1(54),2(62),3,5,7,9,11,13,15,17,19(61),20(60),21,23,25,27,29(58),30,32,34,36,38,40,42,44,46(57),47(56),48,50,

52-triacontaene ((S)-4b): This compound was prepared from (S)-3,3′-bis(3,4-diethyl-2-pyrryl)-1,1′-bi-2-
naphthol ((S)-3b) according to the procedure for (S)-4a. Yield 51%. 1H-NMR (400 MHz, δ-value,
in CDCl3) 8.35 (s, 4H, 1,1′-binaphthyl-4,4′-H); 7.79 and 7.00 (2 broad d, 8H, J = 8.0 and 8.3 Hz,
1,1′-binaphthyl-5,5′,8,8′-H); 7.50 (m, 6H, phenyl-o,p-H); 7.42 (t, 4H, J = 7.5 Hz, phenyl-m-H); 7.24
(ddd, 4H, J = 8.0, 6.9, 1.3 Hz, 1,1′-binaphthyl-6,6′- or -7,7′-H); 7.17 (ddd, 4H, J = 8.3, 6.9, 1.3 Hz,
1,1′-binaphthyl-6,6′- or -7,7′-H); 2.89, 2.82, 1.96, and 1.54 (4m, 16H, pyrrole β-CH2Me); 1.36 and 0.74
(2t, 24H, J = 7.4 and 7.4 Hz, pyrrole β-CH2Me). UV–vis (λmax (log ε) in CH2Cl2) 348 (4.85), 550 (sh,
4.78), 574 (4.79). ESI-MS 1229.59/1229.59 (found/calculated for (C86H76N4O4 (M) + H)+). Analysis
calculated for C86H76N4O4: C, 84.01; H, 6.23; N, 4.56. Found: C, 83.78; H, 6.05; N, 4.51.

Cu3 complex ((S)-5a): A mixture of (S)-4a (18 mg, 0.015 mmol), Cu(OAc)2·2H2O (9.6 mg,
0.044 mmol), CH2Cl2 (4 mL), MeOH (3 mL), and triethylamine (20 mg, 0.2 mmol) was stirred
for 5 h at ambient temperature. The color of the solution turned blue. After the solvent was
removed under vacuum, column chromatography on silica gel with toluene as the eluent gave a
blue fraction. Recrystallization from CH2Cl2–MeOH afforded 13.8 mg of the Cu3 complex. Yield
67%. 1H-NMR (400 MHz, δ-value, at 303 K in CDCl3); 10.79, 7.99, 7.72, 6.80, 5.25 (5 broad signals,
20H, 1,1′-binaphthyl-4,4′,5,5′,7,7′,6,6′,8,8′-H); 9.61, 3.28 (2 broad signals, 8H, diastereotopic pyrrole
β-CH2Me); 7.38 (broad signal, 2H, phenyl-p-H); 7.20 (broad signal, 4H, phenyl-m-H); 6.88 (broad signal,
4H, phenyl-o-H); 7.11 (broad signal, 12H, pyrrole β-Me); 0.98 (broad signal, 12H, pyrrole β-CH2Me).
UV–vis (λmax (log ε) in CH2Cl2) 354 (4.83), 418 (sh, 4.16), 582 (sh, 4.77), 617 (4.88), 635 (sh, 4.82).
ESI-MS 1357.08/1357.26 (found/calculated for (C82H62N4O4Cu3 (M+2))+). Analysis calculated for
C82H62N4O4Cu3·1.5(H2O): C, 71.11; H, 4.73; N, 4.05. Found: C, 71.31; H, 5.03; N, 3.94.

Cu3 complex ((S)-5b): This compound was prepared from (S)-4b according to the procedure
for (S)-5a. Yield 80%. 1H-NMR (400 MHz, δ-value, at 313K in CDCl3); 11.01, 8.04, 7.78, 6.67, 5.17
(5 broad signals, 20H, 1,1′-binaphthyl-4,4′,5,5′,7,7′,6,6′,8,8′-H); 7.37 (broad signal, 2H, phenyl-p-H);
7.18 (broad signal, 4H, phenyl-m-H); 6.88 (broad signal, 4H phenyl-o-H); 10.84, 9.88, 7.90, 3.59 (4 broad
signals, 16H diastereotopic pyrrole β-CH2Me); 1.87, 1.13 (2 broad signals, 24H, pyrrole β-CH2Me).
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UV–vis (λmax (log ε) in CH2Cl2) 354 (4.78), 416 (sh, 3.97), 580 (sh, 4.67), 621 (4.82), 639 (sh, 4.79).
FAB-MS 1412.86/1413.33 (found/calculated for (C86H70N4O4Cu3 (M+2))+). Analysis calculated for
C86H70N4O4Cu3·4.5(H2O): C, 69.08; H, 5.33; N, 3.75. Found: C, 68.88; H, 5.11; N, 3.80.

Ni3 complex ((S)-6a): A mixture of the macrocyclic ligand ((S)-4a) (10 mg, 0.009 mmol),
Ni(OAc)2·4H2O (13.5 mg, 0.054 mmol), toluene (5 mL), MeOH (5 mL), and triethylamine (20 mg,
0.2 mmol) was refluxed for 5 h with stirring. The color of the solution turned blue. After removal of
the solvent under vacuum, column chromatography on silica gel with toluene as the eluent gave a
blue fraction. Recrystallization from CH2Cl2–MeOH afforded 7.1 mg of the Ni3 complex. Yield 68%.
1H-NMR (400 MHz, δ-value, at 303 K in CDCl3); 24.4, 10.38, 9.14, 4.87 (very broad), 3.46 (5 broad signals,
20H, 1,1′-binaphthyl aromatic protons); 7.40 (broad signal, 6H, phenyl-o,p-H); 7.20 (broad signal, 4H,
phenyl-m-H); 2.40 (broad signal, 12H, pyrrole β-Me); 1.99, 1.67 (2 broad signals, 8H, diastereotopic
pyrrole β-CH2Me); 0.60 (broad signal, 12H, pyrrole β-CH2Me). UV–vis (λmax (log ε) in CH2Cl2) 364
(4.75), 579 (4.67), 616 (4.88). ESI-MS 1342.18/1342.28 (found/calculated for (C82H62N4O4Ni3 (M+2))+).
Analysis calculated for C82H62N4O4Ni3·2(CH3OH)·(H2O): C, 70.77; H, 5.09; N, 3.93. Found: C, 70.94;
H, 4.99; N, 3.84.

Ni3 complex ((S)-6b): This compound was prepared from a macrocyclic ligand ((S)-4b) according
to the procedure for (S)-6a. Yield 52%. 1H-NMR (400 MHz, δ-value, at 293 K in CDCl3); 24.95, 10.42, 9.12,
4.55, 3.33 (5 broad signals, 20H, 1,1′-binaphthyl aromatic protons); 7.39 (broad signal, 6H, phenyl-o,p-H);
7.19 (broad signal, 4H, phenyl-m-H); 2.78, 2.63, 1.99, 1.63 (4 broad signals, 16H, diastereotopic pyrrole
β-CH2Me); 1.23, 0.57 (2 broad signals, 24H, pyrrole β-CH2Me). UV–vis (λmax (log ε) in CH2Cl2) 364
(4.60), 580 (4.54), 616 (4.69). Fast Atom Bombardment (FAB)-MS 1399.69/1399.35 (found/calculated for
(C86H70N4O4Ni3 (M+2) +H)+). Analysis calculated for C86H70N4O4Ni3·1.5(H2O)·(C6H14): C, 73.04;
H, 5.80; N, 3.70. Found: C, 73.17; H, 5.99; N, 3.93.

X-ray crystallography: Diffraction data were collected using a Bruker Smart 1000 diffractometer
equipped with a charge-coupled device (CCD) detector. The Sadabs program was applied for empirical
absorption correction. The Shelxtl 97 program package was used for structure solution and refinement
via full-matrix least-squares calculations on F2 [40]. The hydrogen atoms were included at standard
positions without refinement. Crystal data for (S)-5a recrystallized from CH2Cl2–hexane: Formula
C82H62Cu3N4O4·6H2O, Mw= 1466.08, hexagonal, space group P3221, a= b= 22.7984(16), c= 15.2704(13)
Å, V = 6873.7(9) Å3, Z = 3, Dcalc = 1.063 Mg/m3, μ(Mo-Kα) = 0.739 mm−1, T = 299(2) K, final R indices
[I > 2 σ(I)]: R1 = 0.0952, wR2 = 0.2267, GOF = 0.952, Some crystallographic data are summarized in
Table 1. The CCDC reference number is 842598.

Magnetic susceptibility: The variable-temperature magnetic susceptibilities were measured on
polycrystalline samples (5.32 mg of (S)-5a and 4.24 mg of (S)-6a) with a Quantum Design MPMS
SQUID magnetometer operating in a magnetic field of 10,000 gauss at the 5 K intervals between 300 K
and 50 K and at 1 K intervals between 50 K and 2 K. The diamagnetic corrections were evaluated from
Pascal’s constants for all the constituent atoms [41].

Theoretical calculation: Spin density was calculated using the Gaussian 09 program [42]. Initial
geometry was obtained from the X-ray structure of (S)-5a, but the axial water ligand on the central
Cu atom was removed. The calculation was performed both on the quartet state and on the doublet
state without any symmetry restriction by using the density functional theory (DFT) method with
unrestricted ωB97XD functional and B3LYP functional, employing a basis set of 6-31G(d) for C, H, N,
and O and LANL2DZ for Cu.

3. Results and Discussion

3.1. Synthesis of Porphyrin Analogues

We previously reported that 2-borylpyrrole can be readily prepared and successfully used
for Suzuki–Miyaura cross-coupling reactions with various aromatic bromides and iodides [38,39].
Thus, bis(pyrrol-2-yl)arenes as unique building blocks for porphyrin analogues are obtainable
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from a number of commercially available aromatic dihalides. However, a standard procedure
using a Pd(OAc)2/PPh3 catalyst system in DMF in the presence of K2CO3 did not work
well when 5-carboethoxy-4-ethyl-3-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)pyrrole 1a

was reacted with (S)-3,3′-diiodo-1,1′-bi-2-naphthol [43,44]. The target cross-coupling product
was obtained in moderate yield when tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) and
tricyclohexylphosphine (P(Cy)3) were used according to the modified protocol for inactivated
substrates [45,46]. (S)-3,3′-Bis(5-carboethoxy-4-ethyl-3-methylpyrrol-2-yl)-1,1′-bi-2-naphthol (S)-2a

was obtained in 60% yield directly from (S)-3,3′-diiodo-1,1′-bi-2-naphthol (Scheme 1). (S)-2a was
converted into (S)-3,3′-bis(4-ethyl-3-methylpyrrol-2-yl)-1,1′-bi-2-naphthol (S)-3a in 83% yield via a
hydrolysis–decarboxylation sequence. The traditional Rothemund-type condensation of (S)-3a and
benzaldehyde was done in the presence of a catalytic amount of TFA. Subsequent DDQ oxidation
afforded 58% yield of the binaphthol-embedded porphyrin analogue (S)-4a [47]. The 1H-NMR spectrum
of (S)-4a shows a pair of multiplets due to the diastereotopic methylene protons of the pyrrole-β-ethyl
group at δ = 1.87 and 1.65 ppm. These protons are in the magnetically anisotropic environment and
shifted to a lower-frequency region in comparison with the corresponding protons of (S)-3a that appear
at δ = 2.55 ppm as a single quartet (Supplementary Materials, Figures S2 and S3). This is because of
the restricted conformational freedom of the ethyl group and the ring current effect of the meso-like
phenyl group of (S)-4a on the neighboring methylene protons. The 5-, 6-, 7-, and 8-naphthyl protons
of (S)-4a at δ = 7.80, 7.24, 7.16, and 7.00 ppm are shifted by 0.10–0.15 ppm to the lower-frequency
regions compared to those of (S)-3a, but the 4-naphthyl proton at δ = 8.34 ppm appeared at a higher
frequency by 0.24 ppm. The observed mass at 1173.40 by ESI-TOF-MS is in accordance with the theory
(1173.53 for (M + H)+) of (S)-4a. Homologs, (S)-2b, (S)-3b, and (S)-4b, were similarly synthesized
from 5-carboethoxy-3,4-diethyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxoborolan-2-yl)pyrrole 1b. It was also
confirmed via HPLC analysis on a chiral phase that the synthetic transformations from (S)- and
(R)-3,3′-diiodo-1,1′-bi-2-naphthol to (S)-4a and (R)-4a, respectively, did not reduce the original optical
purity (Figure S10, Supplementary Materials). The CD spectrum of (S)-4a in CH2Cl2 shows a positive
first Cotton effect and a negative second Cotton effect at 591 nm and 530 nm, respectively. A mirror
image CD couplet was observed for (R)-4a (Figure 2 and Figure S10, Supplementary Materials).

 

Figure 2. Ultraviolet (UV)–vis (left) and circular dichroism (CD) (right) spectra of (S)-4a (orange line),
(S)-5a (brown line), and (S)-6a (blue line) in CH2Cl2.

Metalation of (S)-4a with Cu(OAc)2·2H2O in CH2Cl2–MeOH containing triethylamine at room
temperature for 5 h afforded the trinuclear copper complex (S)-5a in 67% yield. The observed mass of
(S)-5a at 1357.08 by ESI-TOF-MS is in accordance with the theory (1357.28 for (M + 2)+) of the CuII

3

complex of the hexaanionic (S)-4a with no additional ligand. The UV–vis absorption band of (S)-5a

appeared at 614 nm. This is red-shifted by 42 nm with respect to the 572 nm band of (S)-4a. (S)-5a

showed a positive CD couplet at 634 nm as a first Cotton effect and split negative peaks at 593 and 569
nm. The trinuclear nickel complex (S)-6a was prepared in 68% yield by refluxing a toluene–MeOH
solution of (S)-4a, Ni(OAc)2·4H2O, and triethylamine for 5 h. The observed mass of (S)-6a at 1342.18 by
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ESI-TOF-MS is in accordance with the theory (1342.28 for (M + 2)+) of the NiII3 complex of hexaanionic
(S)-4a with no additional ligand. (S)-6a shows a UV–vis absorption band at 616 nm and a CD first
Cotton effect at 626 nm with split negative peaks at 598 and 567 nm (Figure 2).

3.2. Structure of Trinuclear Complexes

X-ray crystallography of (S)-5a shows three linearly aligned Cu atoms where the central Cu atom
is shared between two Cu2O2 diamond cores (Figure 3) [17]. The Cu(1)–Cu(2)–Cu(1′) angle is 174.7◦
and two Cu2O2 mean planes make a small plane-to-plane angle of 8.3◦. Deviation of each atom of
Cu2O2 from the Cu2O2 mean plane is less than 0.012 Å, which indicates that the Cu2O2 diamond
core of (S)-5a is quite planar compared with previously reported tricopper complexes [18–24,48–51].
These structural features allow a strong metal–metal coupling. The terminal Cu atoms are in a distorted
square planar coordination environment composed of dipyrrin nitrogens and binaphthol oxygens,
where the N(1)–Cu(1)–N(2) plane and the O(1)–Cu(1)–O(2) plane are twisted by 30.7◦. The central Cu
atom in a square pyramidal coordination environment is ligated by four binaphthol oxygens as a basal
plane and water oxygen weakly in an apical position. The Cu(2) atom is deviated by 0.093 Å from the
mean basal plane toward the apical ligand, and the Cu(2)–O(3) distance (2.43 Å) is much longer than
the Cu(2)–O(2) and Cu(2)–O(1) distances (1.922 and 1.949 Å).

 
Figure 3. X-ray diagrams of (S)-5a with peripheral alkyl groups and phenyl groups omitted for clarity
(reproduced from the preliminary communication [17]). A bottom view (left) and a front view (right)
with atom numbering scheme.

A number of multidentate ligands (L) of a N2O2 donor set are known to form trinuclear complexes,
where three metals are assembled by μ-alkoxy bridges (Figure 4) [48–53]. This Cu3O4 core is planar
or folded depending on the N2O2 ligand structure and the apical site coordination. X-ray data of
such (L)M(μ-OR)2M(μ-OR)2M(L) complexes are shown in Table 1. The Cu3O4 core of 7 and 9 having
four-coordinated CuII ions at both terminal sites is rather unusual [52,53]. (S)-5a is similar to 7 in this
sense, but the Cu(1)–Cu(2) distance (2.910 Å) of (S)-5a is the shortest among these linear tricopper
complexes. Although the basal plane of the central CuII ion of 7 is completely planar, the Cu2O2 unit of
7 is less planar than that of (S)-5a, as seen in the deviation (0.060 Å for 7 and 0.012 Å for (S)-5a) of each
atom of Cu2O2 from the Cu2O2 mean plane [52]. Two Cu(salen) units are in a crossing arrangement in
the tricopper complex 9, as well as two dipyrrin units of (S)-5a, as seen in the side view of Figure 3 [53].
This structural feature leads to the highly distorted square planar geometry of the terminal CuII ions
of (S)-5a and the trigonal bipyramid geometry of the central CuII ion in the complex 9. As a result,
the Cu(1)–Cu(2)–Cu(1′) angle of 9 is 156.2◦ and the Cu(2)–OH2 distance of 9 (2.177 Å) is shorter than
that (2.43 Å) of (S)-5a. The tricopper complex 10 is a rare example having the Cu3O4 unit inside the
macrocycle [31], but its intrinsically folded ligand structure causes the Cu(1)–Cu(2)–Cu(1′) angle of
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127.8◦. X-ray crystallographic studies on the trinuclear complexes of the Ni3O4 core indicated that
NiII ions are usually six-coordinated [25–30,54–58]. The complex 8 is a rare example where only the
central Ni is six-coordinated [52]. Although we could not get X-ray data of the Ni3 complex (S)-6a, very
similar UV–vis and CD spectra of (S)-5a and (S)-6a point to their structural similarity. It is considered
on the basis of the X-ray structure of (S)-5a that the terminal NiII ions of (S)-6a are four-coordinated
and the central Ni ion is six-coordinated like 8 (vide infra). Coordination of external ligands to the
central Ni ion of (S)-6a is suggested by elemental analysis.

 

Figure 4. Trinuclear Cu and Ni complexes of tetradentate ligands of a N2O2 donor set.

Table 1. X-ray structural data (distance (Å) and angle (◦)) of the Cu3O4 core of (S)-5a, 7, 8, 9, and 10 1.

(S)-5a 7 8 9 10

M(1)–O(1) 1.877 1.927 1.873 1.877–1.899 1.945–1.957
M(1)–O(2) 1.893 1.929
M(2)–O(1) 1.949 1.953 2.041 1.930, 1.949 1.918–1.929
M(2)–O(2) 1.922 1.956 2.050 1.977, 2.065

M(2)–O(apical) 2.43 2.589 2.067 2.177 2.491
M(1)–M(2) 2.910 2.938 3.007 2.950, 2.975 2.843, 2.861

M(1)–O(1)–M(2) 98.5 98.3 100.0 97.6–101.6 94.1–95.3
M(1)–O(2)–M(2) 100.0 98.4 100.4
O(1)–M(1)–O(2) 82.1 80.5 83.8 76.8, 76.7 77.5–81.4
O(1)–M(2)–O(2) 79.5 81.9 75.4
M(1)–M(2)–M(1′) 174.7 180 180 156.2 127.8

1 Taken from [17,31,52,53]. M(1) and M(2) denote terminal and central metal, respectively. O(1) and O(2) denote
phenolic oxygen.

3.3. 1H-NMR Spectra of Paramagnetic Trinuclear Complexes

The presence of three d9 CuII ions in (S)-5a leads to paramagnetism. The magnetic moment
(3.2 B.M.) of (S)-5a was measured by the Evans method in CDCl3 at 293 K. That is close to the
spin-only theoretical value (3.0 B.M.) for the molecular system of three noninteracting S = 1/2 electron
spins [59–61]. It is noteworthy that all the 1H-NMR signals of (S)-5a are observed owing to the fast
electron spin relaxation. Two signals of a 12H-integral at δ = 0.98 and 7.11 ppm at 303 K in CDCl3
are assigned to the methyl protons of the pyrrole β-ethyl and β-methyl group, respectively (Figure 5,
top and Figure S4, Supplementary Materials). The 2D-COSY experiment indicated that two signals of
a 4H-integral at δ = 9.61 and 3.28 ppm are associated with the methylene protons of the ethyl group
(Figure S8). Correlation was also observed for three signals at δ = 7.38 (2H), 7.20 (4H), and 6.88 ppm
(4H) assigned to the meso-phenyl protons. The naphthyl protons are associated with the remaining
five signals of a 4H-integral at δ = 10.79, 7.99, 7.72, 6.80, and 5.25 ppm. Relatively sharp signals at
7.99, 7.72, and 6.80 ppm should be assigned to the 5-, 6-, and 7-naphthyl protons, and broad signals at
δ = 10.79 and 5.25 ppm must be due to the 4- and 8-naphthyl protons that are closer to the metal centers
(Table S1, Supplementary Materials). Since the four signals are correlated by the COSY cross-peaks
that revealed their positional sequence ((7.99)↔(6.80)↔(7.72)↔(5.25)), they are assigned to the 5-, 6-,
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7-, and 8-naphthyl protons, respectively (see Scheme 2 for atom numbering). Consequently, the signal
at 10.79 ppm with no correlation is assigned to the 4-naphthyl proton.

 

Figure 5. 1H-NMR spectra of (S)-5a (top) and (S)-6a (bottom) in CDCl3 at 303 K. Naphthyl (Np),
meso-phenyl (o, m, p), methylene (CH2), and methyl (CH3) protons are labeled. Signals due to water
(W), acetone (A), grease (G), and impurity (I) are seen. See Scheme 2 for atom numbering.

 
Scheme 2. Spin-state equilibrium of (S)-5a.

Theoretical DFT calculation (6-31G(d), LANL2DZ/ωB97XD) of the spin density for the quartet
spin state of (S)-5a on the basis of the X-ray structure indicates that a positive spin appears at the
pyrrole β-carbons (C12, C13) and at the naphthyl 6- and 8-carbons, while a negative spin appears at
the naphthyl 4-, 5- and 7-carbons (Table 2 and Table S3, Supplementary Materials). It is considered that
a negative electron spin at the naphthyl 4-, 5- and 7-carbons induces positive spin polarization at the
naphthyl 4-, 5- and 7-protons by way of spin exchange mechanism, while a positive spin at the pyrrole
β-carbons (C12, C13) also induces positive spin polarization at the directly attached 16-CH3 and 17-CH2

protons by way of hyperconjugation mechanism [62,63]. This positive spin polarization at the 4-, 5-,
and 7-naphthyl protons and the 16-CH3 and 17-CH2 protons is expected to cause a high-frequency
shift of their paramagnetic 1H-NMR signals with respect to their normal diamagnetic chemical shifts;
on the other hand, a positive spin at the 6- and 8-naphthyl carbons results in a low-frequency shift for
the 6- and 8-naphthyl protons. The observed 1H-NMR chemical shifts of (S)-5a at 303 K are consistent
with the DFT-based paramagnetic 1H-NMR shifts under the assumption that the paramagnetic shift
depends primarily on the contact shift that is directly related to the spin density in the S = 3/2 spin state.
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Table 2. Spin density of (S)-5a calculated by DFT (6-31G(d), LANL2DZ/ωB97XD) 1.

S = 1/2 S = 3/2

Cu(1), Cu(1′) 0.5977 0.6083
Cu(2) −0.6169 0.6366

naphthyl-O(1),O(1′) −0.0018 −0.0032 0.1428 0.1453
dipyrrin-N(1),N(1′) 0.1061 0.1051 0.1099 0.1093
naphthyl-C(4),C(4′) 0.0061 0.0069 −0.0082 −0.0092
naphthyl-C(5),C(5′) 0.0047 0.0053 −0.0052 −0.0058
naphthyl-C(6),C(6′) −0.0060 −0.0067 0.0066 0.0073
naphthyl-C(7),C(7′) 0.0043 0.0048 −0.0048 −0.0053
naphthyl-C(8),C(8′) −0.0054 −0.0060 0.0063 0.0070

pyrrole β-C(12),C(12′) 0.0034 0.0036 0.0047 0.0053
pyrrole β-C(13),C(13′) 0.0072 0.0072 0.0067 0.0062

methyl-C(16),C(16′) 0.0010 0.0010 0.0009 0.0009
methylene-C(17),C(17′) 0.0004 0.0003 0.0005 0.0004

1 See Scheme 2 for atom numbering.

Since the 1H-NMR spectral pattern of (S)-5a is consistent with a D2 symmetric structure, the
apical water ligand observed in the X-ray structure seems to dissociate in solution. Plotting the
1H-NMR chemical shifts against T−1 on the basis of the variable-temperature (VT) 1H-NMR data of
(S)-5a showed linear correlation, and the chemical shift extrapolated to the point of T−1 = 0 for each
proton signal is shown at the left end of the least square approximation line in Figure 6a (Figure S4,
Supplementary Materials). Replacement of the pyrrole-β 16-CH3 group of (S)-5a by the ethyl group in
the case of (S)-5b did not affect the position and the temperature dependency of the 1H-NMR signals
due to the naphthyl protons (red circle in Figure 6a,b) and meso-phenyl protons (black triangle in
Figure 6a,b) at all. However, signals due to the 17-CH2 protons at the pyrrole β-position next to the
meso-phenyl group slightly shifted from δ = 9.1 and 3.4 ppm for (S)-5a to δ = 10.6 (or 9.7) and 3.7 ppm
for (S)-5b at 323 K, while the signals due to the pyrrole β-16-CH3 protons at δ = 7.0 ppm (filled blue
square in Figure 6a) of (S)-5a were replaced by the newly introduced ethyl protons of (S)-5b that
appeared at δ = 9.7 (or 10.6) and 7.8 (CH2), and 1.9 (CH3) ppm at 323 K (Figure 6b and Figure S5,
Supplementary Materials). Signals due to the naphthyl 6- and 8-protons of (S)-5a and (S)-5b move to
the lower-frequency region with increasing temperature, while the signal due to the 4-naphthyl proton
moves to the higher-frequency region with increasing temperature. The chemical shifts extrapolated
to the point of T−1 = 0 are far from normal diamagnetic chemical shift region of the naphthyl 4-, 6-,
and 8-protons in contrast to the relatively normal Curie law profile of the signals due to the pyrrole
β-methyl and β-methylene protons of (S)-5a and (S)-5b. This Curie plot profile of (S)-5a and (S)-5b is
explained in terms of the temperature-dependent equilibrium of spin states. DFT calculation indicates
that the spin density at the central Cu ion has the opposite sign between the quartet spin state (0.64)
and the doublet spin state (−0.62) (Table 2). However, the spin densities at the terminal Cu ions have
the same sign for the quartet (0.61) and the doublet (0.60). Accordingly, the spin densities at the pyrrole
β-carbons (C12, C13) that are transmitted from the terminal Cu ions have the same sign (positive)
for both spin states, but the spin densities at the naphthyl carbons that are transmitted strongly from
the central Cu ion show opposite sign for these two spin states. The DFT calculation indicates that
the doublet spin state is expected to cause a low-frequency shift for the 1H-NMR signals of the 4-, 5-,
and 7-naphthyl protons and a high-frequency shift for the 6- and 8-naphthyl protons in contrast to
the quartet spin state. The observed Curie plot profile of (S)-5a and (S)-5b at low temperatures seems
consistent with that expected for the doublet spin state.
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Figure 6. Plots of the 1H-NMR chemical shifts (δ) of (a) (S)-5a, (b) (S)-5b, (c) (S)-6a, and (d) (S)-6b in
CDCl3 against T−1 (K−1) (10◦ interval from 323 K to 213 K). CH3 protons (filled blue square); CH2

protons (blue square); meso-phenyl protons (black triangle); naphthyl protons (red circle). The δ-values
extrapolated to T−1 = 0 in the linear approximation of a series of the observed data are shown at the left
end of each line. See Scheme 2 for atom numbering.

DFT calculation of (S)-5a in the doublet state using the B3LYP functional showed the nonsymmetric
Cu3O4 core in contrast to the symmetric Cu3O4 core obtained by using the ωB97XD functional
(Figure S13 and Table S2, Supplementary Materials), i.e., two Cu(terminal)–Cu(center) distances
(2.887 Å and 3.055 Å) in the B3LYP case and a single Cu–Cu distance (2.930 Å) in the ωB97XD case.
The calculated spin densities of the CuII

3 unit in the B3LYP case are Cu(0.5588)–Cu(0.0067)–Cu(−0.0007)
in sequence (Table S4, Supplementary Materials). This is quite different from the symmetric spin
structure (Cu(0.5977)–Cu(−0.6169)–Cu(0.5977)) of the ωB97XD case. As for the quartet state of
(S)-5a, both DFT calculations using the B3LYP and ωB97XD functional resulted in a symmetric
Cu3O4 core with a Cu–Cu distance of 2.922 Å and 2.911 Å, respectively, and their calculated spin
densities of the CuII

3 unit are Cu(0.5644)–Cu(0.5190)–Cu(0.5654) in sequence for the B3LYP case and
Cu(0.6083)–Cu(0.6366)–Cu(0.6083) in sequence for the ωB97XD case (Figure S13, Tables S2 and S4,
Supplementary Materials). The observed 1H-NMR paramagnetic shifts for the naphthyl protons of

72



Symmetry 2020, 12, 1610

(S)-5a at both limits of high and low temperature are correlated with the calculated spin densities at
the naphthyl unit in the S = 3/2 and 1/2 spin state, respectively. This correlation with the spin densities
using the ωB97XD functional is much better than those using the B3LYP functional (Table 2 and Table
S4, Supplementary Materials).

The magnetic moment (4.6 B.M.) of (S)-6a was measured using the Evans method in CDCl3 at
293 K. This is close to the spin only theoretical value (4.9 B.M.) for the molecular system of three
noninteracting d8 (S = 1) NiII ions. The 1H-NMR spectrum of (S)-6a at 303 K in CDCl3 shows two
12H-signals at δ = 0.61 and 2.39 ppm due to the methyl protons of the pyrrole β-ethyl and β-methyl
group, respectively (Figure 5, bottom). The 2D-COSY experiment reveals that two 4H-signals at δ = 1.99
and 1.67 ppm are associated with the diastereotopic methylene protons of the pyrrole β-ethyl group
(Figure S9, Supplementary Materials). The 6H-signal at 7.40 ppm and the 4H-signal at 7.20 ppm are
also assignable to the meso-phenyl protons. The remaining five 4H-signals at δ = 24.4, 10.38, 9.14, 4.87
(very broad), and 3.46 ppm are associated with the naphthyl protons. Three relatively sharp signals
are associated with 5-, 6-, and 7-naphthyl protons that showed 2D-COSY cross-peaks of the signal at
δ = 3.46 ppm against signals at δ = 9.14 and 10.83 ppm. Consequently, the signal at δ = 3.46 ppm is
associated with the 6-naphthyl proton, and the signals at δ = 9.14 and 10.83 ppm are associated with
the 5- and 7-naphthyl protons. These remarkable paramagnetic shifts in the opposite direction for
the closely positioned 5-, 6-, and 7-naphthyl protons are ascribable not to the dipolar term but to the
contact term. The directions of these paramagnetic shifts of the 5-, 6-, and 7-naphthyl protons of (S)-6a

are similar to those of (S)-5a at 303 K. Therefore, the high-frequency-shifted signal at 24.4 ppm and
the low-frequency-shifted signal at 4.87 seem to be associated with the 4- and 8-naphthyl protons,
respectively. These remarkable chemical shifts and the temperature dependency of the naphthyl
protons are not affected by replacing the pyrrole β-methyl group of (S)-6a by the ethyl group in the
case of (S)-6b (Figure 6c,d, and Figures S6 and S7, Supplementary Materials). Since the Curie plots of
(S)-6a and (S)-6b show that the chemical shifts extrapolated to the point of T−1 = 0 for all the proton
signals are in their normal diamagnetic chemical shift range, the spin state is not greatly affected by
temperature change, and the magnetic coupling between nickel ions should be not so important as
the case of the copper ions. The proton signals due to the dipyrrin part of (S)-6a and (S)-6b are in
the normal diamagnetic chemical shift range, and their temperature dependency is negligible (blue
squares in Figure 6a,b). Therefore, the dipolar term of the paramagnetic shift should be negligible in
the dipyrrin part not only of (S)-6a and (S)-6b but also of (S)-5a and (S)-5b. It is noteworthy that the
spin density is not transferred from the terminal nickel ion to the pyrrole ligand, but the partial spin is
transferred to the 1,1′-binaphthol ligand.

The Curie plot of the trinuclear CuII complexes does not show a normal Curie law profile.
The chemical shifts of the 4-, 6-, and 8-naphthyl proton of (S)-5a and (S)-5b move further away from
the normal diamagnetic chemical shift range as temperature goes up from 213 K to 323 K, and they are
extrapolated to 19.3, 3.3, and 2.3 ppm, respectively, at T−1 = 0 (Figure 6a). This suggests that the magnetic
moment of the trinuclear CuII complexes increases as temperature goes up as a result of decreasing
antiferromagnetic coupling interaction. While the chemical shifts of the pyrrole β-methyl and β-ethyl
protons of (S)-6a and (S)-6b are not affected at all by the paramagnetism even though those signals
are broadened, the corresponding protons of (S)-5a and (S)-5b undergo remarkable paramagnetic
shifts. Accordingly, these paramagnetic shifts of (S)-5a and (S)-5b are caused by the contact term that
was induced by the electron spin density on the pyrrole β-carbons through π-conjugation. Since the
paramagnetic shifts observed for the pyrrole β-methyl and β-methylene protons of (S)-5a and (S)-5b

are caused by the partial spin density transferred from the single terminal Cu atom where the spin state
does not depend on temperature, their temperature dependency seems to show an ordinary Curie law
profile. In fact, these signals are extrapolated to −1.8, 2.5, 4.0, and 0.5 ppm for (S)-5a and 2.0, 2.7, 1.4, 3.3,
1.6, and 0.3 ppm for (S)-5b. On the other hand, the spin density of the 1,1′-binaphthol ligand is derived
both from the terminal Cu atom and from the central Cu atom, and their antiparallel spin orientation
would be enhanced more at lower temperature due to the antiferromagnetic coupling (Scheme 2).
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A pair of Cu atoms with opposite spin causes a counterbalancing effect on the paramagnetic shifts of
the binaphthol ligand. Thus, the unusual temperature dependency of the paramagnetic shifts for the
binaphthol protons is ascribed to the spin equilibrium between the quartet and doublet.

3.4. Magnetic Susceptibility of Trinuclear Complexes

Magnetic susceptibility (χM) of the polycrystalline sample of (S)-5a was measured in the
temperature range of 2–300 K, and the temperature dependence plot (χMT vs. T) is shown in
Figure 7 after correction for the diamagnetic terms. The χMT value of 0.72 cm3·mol−1·K at 300 K
is lower than the 1.125 cm3·mol−1·K expected for three noninteracting CuII ions. As temperature
goes down, χMT decreases monotonously to reach the value of 0.375 cm3·mol−1·K at 15 K, which
corresponds to an S = 1/2 ground state for g = 2. This behavior indicates an antiferromagnetic
coupling in the CuII

3 core. A further decrease in χMT below this temperature to 2 K can be
attributed to intermolecular interactions between S = 1/2 trinuclear units. Curve fitting for the
temperature-dependent susceptibility data was introduced by an expression for a linear trinuclear CuII

complex on the basis of the spin Hamiltonian H = −J(S1S2 + S2S3). The theoretical equation for χM can
be expressed by Equation (1), where θ reflects intermolecular interaction at very low temperature, and
TIP stands for a temperature-independent paramagnetism [48,64]. A good data fit was obtained for
g = 1.970, θ = −0.11 K, J = −434 cm−1, and TIP = 887 × 10−6 cm3 mol−1, with the agreement factor R
defined as

∑
i[(χMT)obs–(χMT)calc]2/

∑
i[(χMT)obs]2 is 5.25 × 10−5.

χM = (A/B)NAg2β2/4kB(T-θ) + TIP, [A = 1 + exp (J/kT) + 10exp (3J/2kT),
B = 1 + exp (J/kT) + 2exp (3J/2kT)].

(1)

 

Figure 7. A plot of χMT vs. T of (S)-5a. A solid line represents a theoretical curve for the parameters
g = 1.97, θ = −0.11, J = −434 cm−1, and temperature-independent paramagnetism (TIP) = 887 ×
10−6 cm3 mol−1.

It is well known that the exchange parameter J is linearly related to the Cu–O–Cu angle in the
dinuclear complexes (L)CuII(μ-OR)2CuII(L) [65]. The J value (−434 cm−1) of (S)-5a is in the range
(−511, −482.5, −474, −345.5 cm−1) [48–51] reported for the μ-phenoxy-bridged linear trinuclear CuII

complexes having the Cu–O–Cu angle of 101.4◦–98.3◦ including 7 (−314 cm−1) [52]. On the other
hand, a much weaker J value (−190 cm−1) was reported for the bent CuII

3 complex 9 [53]. It is
noteworthy that the antiferromagnetic coupling of (S)-5a is much stronger than the reported dinuclear
(J = −87.6 cm−1) [2b] and trinuclear (J = −44.1 cm−1) [12] CuII complexes of porphyrin analogues.
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A similar temperature dependence plot (χMT vs. T) of (S)-6a is shown in Figure 8. The χMT value
of 2.50 cm3·mol−1·K at 300 K is lower than the 3.00 cm3·mol−1·K expected for three noninteracting
high-spin (S = 1) NiII ions. As temperature goes down, χMT decreases monotonously to reach the
value of 1.00 cm3·mol−1·K at 14 K, which corresponds to the S = 1 ground state for g = 2 per NiII3. This
magnetic behavior clearly indicates antiferromagnetic coupling in the NiII3 core. A further decrease in
χMT below this temperature to 2 K is ascribable to intermolecular interactions between S = 1 trinuclear
units. The theoretical equation for χM on the basis of the spin Hamiltonian H = −2J1(S1S2 + S2S3) −
2J2(S1S3) (S1 = S2 = S3 = 1) for a trinuclear nickel(II) complex is expressed by Equation (2), where J1

and J2 are exchange parameters between the adjacent two NiII ions and between the terminal two NiII

ions, respectively [54]. The best fit was obtained at g = 2.20, θ = −2.84 K, J1 = −49 cm−1, J2 = 17 cm−1,
and TIP = 800 × 10−6 cm3 mol−1, with the R factor of 1.68 × 10−4. If the magnetic interaction between
the terminal Ni ions is neglected (J2 = 0 cm−1), the best fit parameters are g = 2.17, θ = −2.72 K,
J1 = −60 cm−1, TIP = 2200 × 10−6 cm3 mol−1, and R = 1.60 × 10−4.

χM = (A/B)NAg2β2/kB(T-θ) + TIP (A = 28 exp [2(2J1/kT + J2/kT)]
+ 10 exp [2(J2/kT − J1/kT)] + 10 exp [2(J1/kT − J2/kT)]
+ 2 exp [2(J2/kT − 3J1/kT)] + 2 exp [−2(J1/kT + J2/kT)]
+ 2 exp (−4J2/kT), B = 7 exp [2(2J1/kT + J2/kT)]
+ 5 exp [2(J2/kT − J1/kT)] + 5 exp [2(J1/kT − J2/kT)]
+ 3 exp [2(J2/kT − 3J1/kT)] + 3 exp [−2(J1/kT + J2/kT)]
+ 3 exp (−4J2/kT) + exp [−2(2J1/kT + J2/kT)]).

(2)

 

Figure 8. A plot of χMT vs. T of (S)-6a. A solid line represents a theoretical curve for the parameters
g = 2.20, θ = −2.84, J1 = −49 cm−1, J2 = 17 cm−1, and TIP = 800 × 10−6 cm3 mol−1.

Studies on the magnetic properties of dinuclear NiII complexes having μ-phenoxy bridging
ligands have shown that the exchange parameter J is dependent not only on the Ni–O–Ni angles
but also on the coordination geometry of Ni ions [66]. That is, an antiferromagnetic exchange gets
stronger as a tetragonal distortion from octahedral geometry of the NiII ions is more enhanced. As far
as linear trinuclear μ-phenoxy bridged NiII complexes are concerned, NiII3 cores with coordination
numbers of 4–6–4 (complex 8), 5–6–5 (complex 11), and 6–6–6 (complex 12, 13) have been reported
and their exchange parameters |J| are less than 10 cm−1 (Figures 4 and 9). The terminal NiII ions
of the complex 8 are in square planar coordination geometry with a low spin state (S = 0), and the
central NiII ion is in an axially elongated octahedral geometry with a high spin state (S = 1) [52].
Replacement of the ClO4

– counter anion of 8 by Cl– generated a linear NiII3 complex 11 of 5(square
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pyramidal)–6(octahedral)–5(square pyramidal) coordination geometry with one Cl− anion coordinating
to the axial site of each terminal Ni ion in an N2O2 basal plane of an analogous tetradentate ligand
which has a 1,5-diazacyclooctane ring instead of the 1,4-diazacycloheptane ring of 8. The NiII3 complex
11 has three noninteracting high-spin NiII ions at 300 K, and weak antiferromagnetic interaction with
the J1 and J2 values of −7.9 and −5.5 cm−1, respectively, was reported [54]. Linear NiII3 complexes with
6(octahedral)–6(octahedral)–6(octahedral) coordination geometry of noninteracting high-spin NiII ions
were reported. An exchange parameter (J1 = 4.31 cm−1) suggesting a weak ferromagnetic coupling
was reported for complex 12 with additional μ2-1,3-acetato bridges between the terminal Ni ion and
the central Ni ion [55]. A very weak antiferromagnetic interaction (J1 = −1.7 cm−1) was reported
for complex 13 of structurally similar coordination geometry to 12 [56]. The magnetic interaction of
(S)-6a is much stronger than that of these linear trinuclear NiII complexes [25–30,54–58], which may be
attributed to the unique coordination geometry in the terminal NiII ions of (S)-6a.

 
Figure 9. Trinuclear Ni complexes of 5–6–5 and 6–6–6 coordination geometry.

3.5. Reversible Coordination at Apical Sites of the Trinuclear Complexes

A large number of trinuclear complexes of general formula (L)M(μ-OR)2M(μ-OR)2M(L) are
known, and their solid-state chemistry is well documented as noted above. However, study on the
solution chemistry of these multinuclear complexes is quite limited, probably because of their reversible
decomposition into mononuclear complexes in solution [33,67]. The present MII

3 complexes protected
by the rigid macrocycle ligand are expected to show well-defined coordination chemistry without
decomposition of the MII

3O4 core. In fact, it was found that the MII
3O4 core is stable even in the

presence of a large excess amount of strongly coordinating external ligand molecules. Addition of
butylamine to the Cu3 complex (S)-5a in CDCl3 caused chemical shift changes while keeping a D2

symmetric spectral pattern (Figure 10). The pyrrole β-methyl proton signal (16-CH3 in Scheme 2)
shifted from 7.81 ppm to 11.66 ppm at 253 K. Signals of (S)-5a got broader at 0.5 equivalents of
butylamine probably due to fast ligand exchange. Then, a single set of signals appeared at two
equivalents of butylamine. The CD titration of (S)-5a with butylamine in CH2Cl2 at 25 ◦C showed
a parabola-type titration curve that led to the association constant K = 3.2 × 103 M−1 on the basis of
fitting with a one-to-one binding isotherm (Figure S11, Supplementary Materials). This coordination
behavior of (S)-5a with butylamine is consistent with the X-ray structure having one apical water
ligand at the central CuII ion. Therefore, it is reasonably assumed that butylamine reversibly binds to
either one of the apical sites of the central CuII ion (Scheme 3).
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Figure 10. 1H-NMR titration of (S)-5a with 0.5, 1.0, 2.0, and 3.5 equivalents of butylamine at 253 K in
CDCl3 (reproduced from the preliminary communication [17]).

 

Scheme 3. Coordination equilibria of (S)-5a and (S)-6a with butylamine (R = butyl).

UV–vis titration of the Ni3 complex (S)-6a with 0–2.5 equivalents of butylamine showed very
subtle spectral changes (Figure S12, Supplementary Materials). 1H-NMR titration showed that two
signals at 9.2 and 10.5 ppm due to the naphthyl protons of (S)-6a split into four signals that were finally
replaced by two signals at 8.3 and 10.2 ppm when 2 equivalents of butylamine were added (Figure 11).
Meanwhile, the signal at 0.60 ppm due to the methyl protons of the pyrrole β-ethyl group of (S)-6a

changed to a pair of signals at 0.74 and 0.48 ppm and finally to a single signal at 0.41 ppm. These
changes of the splitting pattern from D2 to C2 symmetry and then from C2 to D2 symmetry again are
consistent with the stepwise binding of two butylamine ligands to the apical sites of the central NiII

ion (Scheme 3). Thus, butylamine coordination to NiII is much stronger than to CuII in CH2Cl2, and it
is reasonably considered that (S)-6a contains two methanol ligands when precipitated from methanol.

 

Figure 11. 1H-NMR titration of (S)-6a with 0.7, 1.4, and 2.1 equivalents of butylamine at
293 K in CDCl3. Signals marked (+), (*), and (#) are associated with (S)-6a, (S)-6a(BuNH2),
and (S)-6a(BuNH2)2, respectively.
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4. Conclusions

A 1,1′-bi-2-naphthol unit was embedded in a porphyrinoid macrocycle without reducing optical
purity of the original 1,1′-bi-2-naphthol. The macrocycle core made of sp2 carbons was relatively
rigid and its unidirectional overall helical conformation was stable. This porphyrinoid ligand was
preorganized for the linear array of three metal ions in the form of (L)M(μ-OR)2M(μ-OR)2M(L). X-ray
crystallography of the CuII

3 complex showed that a pair of very planar Cu2O2 cores was only slightly
off coplanarity (plane-to-plane angle 8.3◦), and the terminal Cu ions were highly distorted from square
planar geometry. 1H-NMR study on the CuII

3 complex revealed unusual temperature dependency
of the chemical shifts of the naphthyl protons, which were indicative of the strong antiferromagnetic
coupling between the Cu atoms. The observed paramagnetic shifts in the pyrrolic ligand and the
binaphthyl ligand could be used to estimate spin delocalization from the terminal metal and the central
metal, respectively, and these paramagnetic 1H-NMR data were consistent with the spin densities
calculated via DFT using ωB97XD functional. The strong antiferromagnetic coupling observed for both
CuII

3 (J = −434 cm−1) and NiII3 (J = −49 cm−1) complexes could be ascribed to the unique coordination
geometry that was also responsible for reversible ligation of butylamine only at the central metal
ion without decomposition of the trinuclear core. This apical ligand binding could be studied using
well-resolved 1H-NMR spectra of both CuII

3 and NiII3 complexes. The present multinuclear complexes
of an enantiomerically pure helical porphyrin analogue are expected to lead to further exploration of
the interesting chemistry of helical multinuclear complexes.
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and (S)-3,3′-bis(5-carboethoxy-3,4- diethyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-2b); Figure S2. 1H-NMR spectra of
(S)-3,3′-bis(4-ethyl-3-methyl-2-pyrryl)-1,1′-bi-2-naphthol ((S)-3a) and (S)-3,3′-bis(3,4-diethyl-2-pyrryl)-1,1′-bi-2-
naphthol ((S)-3b); Figure S3. 1H-NMR spectra of the bis(binaphthol)tetrapyrrole (S)-4a and (S)-4b; Figure S4.
Variable-temperature 1H-NMR spectra of the Cu3 complex of bis(binaphthol)tetrapyrrole ((S)-5a); Figure S5.
Variable-temperature 1H NMR spectra of the Cu3 complex of bis(binaphthol)tetrapyrrole ((S)-5b); Figure S6.
Variable-temperature 1H NMR spectra of the Ni3 complex of bis(binaphthol)tetrapyrrole ((S)-6a); Figure S7.
Variable-temperature 1H NMR spectra of the Ni3 complex of bis(binaphthol)tetrapyrrole ((S)-6b); Figure S8. 2D
COSY spectrum of the Cu3 complex of bis(binaphthol)tetrapyrrole ((S)-5a) at 313 K; Figure S9. 2D COSY spectrum
of the Ni3 complex of bis(binaphthol)tetrapyrrole ((S)-6a) at 293 K; Figure S10. CD spectra of (R)-4a and (S)-4a in
CH2Cl2 and their HPLC traces on a chiral column; Figure S11. CD and UV–vis spectral changes of (S)-5a upon
addition of butylamine in CH2Cl2; Figure S12. CD and UV–Vis spectral changes of (S)-6a in CH2Cl2 upon addition
of butylamine; Figure S13. DFT-calculated structure of (S)-5a of doublet and quartet using B3LYP functional and
ωB97XD functional; Table S1. Cu-to-H distances (Å) in the X-ray structure of (S)-5a; Table S2. Structural data
(distance (Å) and angle (◦)) of the Cu3O4 core of (S)-5a obtained by X-ray crystallography and theoretical DFT
calculations; Table S3. Spin density of (S)-5a calculated by DFT (6-31G(d), LANL2DZ/ωB97XD); Table S4. Spin
density of (S)-5a calculated by DFT (6-31G(d), LANL2DZ/B3LYP).
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Abstract: The complexation of (3aR,7aR)-N-(3,5-bis(trifluoromethyl)phenyl)octahydro-2H-
benzo[d]imidazol-2-imine (BTI), as a guest, to ethane-bridged bis(zinc octaethylporphyrin), bis(ZnOEP),
as a host, has been studied by means of ultraviolet-visible (UV-Vis) and circular dichroism (CD)
absorption spectroscopies, single crystal X-ray diffraction, and computational simulation. The forma-
tion of 1:2 host-guest complex was established by X-ray diffraction and UV-Vis titration studies. Two
guest BTI molecules are located at the opposite sides of two porphyrin subunits of bis(ZnOEP) host,
which is resting in the anti-conformation. The complexation of BTI molecules proceed via coordina-
tion of the imine nitrogens to the zinc ions of each porphyrin subunit of the host. Such supramolecular
organization of the complex results in a screw arrangement of the two porphyrin subunits, inducing
a strong CD signal in the Soret (B) band region. The corresponding DFT computational studies are in
a good agreement with the experimental results and prove the presence of 1:2 host-guest complex as
the major component in the solution (97.7%), but its optimized geometry differs from that observed
in the solid-state. The UV-Vis and CD spectra simulated by using the solution-state geometry and
the TD-DFT/ωB97X-D/cc-pVDZ + SMD (CH2Cl2) level of theory reproduced the experimentally
obtained UV-Vis and CD spectra and confirmed the difference between the solid-state and solution
structures. Moreover, it was shown that CD spectrum is very sensitive to the spatial arrangement of
porphyrin subunits.

Keywords: porphyrin; guanidine; host–guest binding; chirality; supramolecular chemistry; circular
dichroism; DFT; TD-DFT simulation

1. Introduction

Porphyrins play an important role in different fields of science and technology, includ-
ing catalysis [1–3], light harvesting [4–6], medicine [7–10], supramolecular systems [11–21],
electronic devices [16–18], etc. Besides, porphyrin-based systems have found broad ap-
plication as chemical and chirality sensors [19–22] because of their notable property to
form supramolecular assemblies with different guest molecules. These assemblies produce
characteristic absorption bands in the low-energy regions of the corresponding UV-Vis and
circular dichroism (CD) spectra, which are essentially shifted from absorption of the major-
ity of analytes [23–26]. Recently, much attention has also been paid to the phenomena of
supramolecular chirogenesis, where a chiral guest determines the supramolecular chirality
of the entire host-guest system upon binding to an achiral host molecule [12–15,20,23–35].
In the case of ethane-bridged bis(zinc porphyrin)s (bis(ZnOEP)s) (Figure 1), steric hindrance
induced by coordination of a chiral guest forces the supramolecular system to adopt a screw
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conformation, with the chirality of a guest determining either a clockwise or anticlockwise
arrangement of porphyrin units in the bis-porphyrin host [30–32]. In turn, this directional
helicity results in induced CD in the porphyrin absorption region due to exciton coupling
between the corresponding electronic transitions. This phenomenon has been successfully
applied for determination of the absolute configuration of various chiral organic com-
pounds, including amines [27,29,33], amino acid derivatives [33], alcohols [15], carboxylic
acids [15], and epoxides [34]. For the zinc porphyrin-based sensing systems, amines and
other basic nitrogen-containing organic compounds are particularly privileged analytes
due to their strong electrostatic (Lewis acid-base) binding to zinc ion, which produces the
corresponding penta-coordinated zinc porphyrin complexes in general [31,32,35].

 

Figure 1. Schematic representation of complexes of bis(ZnOEP) with both enantiomers of a chiral
amine and the corresponding CD signal induction. Ethyl substituents in bis(ZnOEP) are omitted
for clarity. “S” and “L” denotes small and large substituents in a chiral amine guest, respectively.
See [30–32] for the experimental CD spectra.

As a part of our ongoing studies towards application of bis(ZnOEP) for sensing
polyfunctionalized chiral organic molecules, here we report the complexation of a chiral
guanidine compound, (3aR,7aR)-N-(3,5-bis(trifluoromethyl)phenyl)octahydro-2H-benzo
[d]imidazol-2-imine (BTI, Figure 2), with bis(ZnOEP) [36]. Complexation and supramolec-
ular chirogenesis phenomena in the selected host-guest system were studied by means
of UV-Vis, CD spectroscopies, and single crystal X-ray analysis. The experimental results
were fully rationalized with the aid of computational simulation. Special attention was
paid to the reasons why experimental CD spectra in many cases are different from the
simulated, especially in the case of chiral porphyrin-based supramolecular systems with a
certain degree of conformational flexibility.
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Figure 2. Complexation between bis(ZnOEP) (host) in syn conformation and BTI (guest) resulting in anti-conformation of
the 1:2 host-guest complex in CH2Cl2 solution.

2. Materials and Methods

General methods. UV-Vis absorption spectra were recorded on a Jasco V-730 double-
beam spectrophotometer in a 1-cm thermally stabilized screw-cap quartz cuvette with
a septum cap. CD spectrum were recorded on a Jasco J-1500 spectrophotometer in a
1-cm screw cap quartz cuvette in analytical-grade CH2Cl2 at 20 ◦C. Data acquisition was
performed in the 375–475-nm range with a scanning rate of 50 nm/min, bandwidth of
2.6 nm, response time of 4 s, and accumulations in 3 scans. 1H NMR spectra of BTI were
recorded on a Bruker Avance III 400 MHz spectrometer. The chemical shifts (δ) are reported
in ppm and referenced to a CHCl3 residual peak at 7.26 ppm for 1H NMR, and a CDCl3
peak at 77.16 ppm for 13C NMR. HRMS measurement for BTI was performed on an Agilent
6540 UHD Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Santa Clara, CA,
USA) equipped with an AJS-ESI source.

Materials. Bis(ZnOEP) was prepared as described in [36]. BTI was prepared by
intramolecular cyclization of 1-((1R,2R)-2-aminocyclohexyl)-3-(3,5-bis(trifluoromethyl)phe-
nyl)thiourea [37] following the experimental procedure described in [38].

(3aR,7aR)-N-(3,5-bis(trifluoromethyl)phenyl)octahydro-2H-benzo[d]imidazol-2-imine
(BTI): 1H NMR (400 MHz, CDCl3) δ = 7.43 (s, 1H), 7.39 (s, 2H), 5.20 (br s, 2H, NH), 3.17–3.04
(m, 2H), 2.01–1.89 (m, 2H), 1.89–1.73 (m, 2H), 1.54–1.21 (m, 4H). 13C NMR (100.6 MHz,
CDCl3) δ = 159.0, 151.4, 132.5 (q, JCF = 32.9 Hz), 123.6 (q, JCF = 272.9 Hz, CF3), 123.2,
115.2 (m, JCF = 4.1 Hz), 61.8, 29.6, 24.0. HRMS (ESI) m/z calcd for C15H16F6N3

+ [M + H]+

352.1243, found 352.1252.
Spectroscopic Titrations. All the solutions were prepared and mixed by using prop-

erly calibrated analytic glassware (Hamilton® Gastight syringes, volumetric flasks). All
weights were balanced with a Radwag MYA 11.4 microbalance (accuracy ± 6 μg). The
concentration of zinc porphyrin was held constant throughout the titration sequence. The
titration data were fitted globally by using online software Bindfit [39–41]. UV-Vis spec-
trophotometric titration experiments were performed in analytical-grade CH2Cl2. To a
solution of zinc porphyrin, a solution of guest (dissolved in a stock solution of the host
to keep the concentration of the host constant) was added portion-wise using a gastight
syringe at 20 ◦C. The changes in the bathochromic shift of the Soret band were monitored
at different concentrations of the guest.

Single crystal X-ray analysis. The data was measured using a dual-source Rigaku
SuperNova diffractometer equipped with an Atlas detector and an Oxford Cryostream
cooling system using mirror-monochromated Mo-Kα radiation (λ = 0.71073 Å). Data collec-
tion and reduction for all complexes were performed using the program CrysAlisPro [42]
and the Gaussian face-index absorption correction method was applied [42]. All structures
were solved with Direct Methods (SHELXS) [43–45] and refined by full-matrix least squares
based on F2 using SHELXL-2013 [43–45]. Non-hydrogen atoms were assigned anisotropic
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displacement parameters unless stated otherwise. Hydrogen atoms were placed in ideal-
ized positions and included as riding. Isotropic displacement parameters for all H atoms
were constrained to multiples of the equivalent displacement parameters of their parent
atoms with Uiso(H) = 1.2 Ueq (parent atom). Enhanced rigid bond restraints (RIGU) [46,47]
with standard uncertainties of 0.001 Å2 were applied for several atom pairs as well as dis-
tance restraints (DFIX). Positional disorder of the trifluoromethyl (CF3) groups is observed.
Split positions were assigned with isotropic displacement parameters: site occupancy
refinement converged to 54.2(6)% to 45.8(6)% with the sum of the site occupancies of both
alternative positions constrained to unity. The X-ray single crystal data, experimental
details, and CCDC number (2051302) are given below.

Crystal data for the 1:2 complex of bis(ZnOEP) and BTI: CCDC-2051302, C104H120F12N14Zn2,
M = 1924.87 gmol−1, purple plate, 0.10 × 0.08 × 0.03 mm3, triclinic, space group P1
(No. 1), a = 10.2054(4) Å, b = 13.0749(6) Å, c = 18.7677(8) Å, α = 82.751(4)◦, β = 79.844(3)◦,
γ = 77.298(4)◦, V = 2394.71(18) Å3, Z = 1, Dcalc = 1.335 gcm−3, F(000) = 1010, μ = 1.270 mm−1,
T = 120(2) K, θmax = 76.019◦, 14,864 total reflections, 8633 with Io > 2σ(Io), Rint = 0.0431,
10,559 data, 1194 parameters, 61 restraints, GooF = 1.029, R1 = 0.0600 and wR2 = 0.1417
[Io > 2σ(Io)], R1 = 0.0767 and wR2 = 0.1544 (all reflections), 0.956 < dΔρ < −0.668 eÅ−3.

Computational details. Structural optimization was performed using resolution of
identity (RI) approximation [48–50], PB86 functional [51,52] with D3 dispersion correc-
tion [53] and def2-SV(P) basis set [54] implemented in Turbomole 7.0 [55], which showed
good agreement with experimental data [56–58], as in a gas phase and in solvent. To include
solvent effect the COSMO solvent model [59] was used. To confirm that the optimized
geometry corresponds to a local minimum, the respective vibrational frequencies were
calculated using the same program and level of theory. To get a more accurate energy
value for Gibbs free energies calculations, a single point calculation was done using the
RI-BP86/def2-TZVP [60] level of theory and COSMO solvent model (ε = 8.93). The opti-
mized geometries of supramolecular host-guest complexes are given in Geometries.xyz
(provided in the Supplementary Materials).

The UV-Vis and CD spectra were simulated using the Gaussian16 [61] software and
TD-DFT method [62–64]. For spectra simulations, the ωB97X-D functional [65] and cc-
pVDZ basis set [66–68] with the SMD solvent model [69] were used, since this level of
theory showed good agreement with experimental data [56,57,70]. The first 10 excited
states were calculated in order to ensure that the B band region of the spectrum was covered.
The corresponding data are given in the Supplementary Materials.

The UV-Vis and CD spectra and host-guest geometries were visualized using GaussView
6.0.16 [71]. For plotting the simulated spectra, a bandwidth of 0.04 eV was used due to its
best agreement with the experimental spectra. The rotatory strengths were calculated on
the basis of dipole velocity formalism.

3. Results

3.1. Absorption UV-Vis and CD Spectroscopy

As reported before, bis(ZnOEP) adopts a syn-conformation (Figure 3) in non-coordinating
solvents (e.g., CH2Cl2) because of strong intramolecular π–π interactions between two por-
phyrin subunits [72]. Complexation with an external ligand results in the conformational
switch to the corresponding anti form, which also causes dramatic changes in the UV-Vis
spectra [31]. Similar to previously studied amine ligands [30–32], a portion-wise addition
of BTI (Figure 3) resulted in a noticeable bathochromic shift of the Soret band and its split
into two distinct absorption peaks at 426 and 437 nm that clearly indicates the formation
of 1:2 host-guest complex with bis(ZnOEP) resting in the anti-conformation (Figure 2).
As additional evidence, a Q(1,0) band at 559 nm was noticeably enhanced in comparison
to the ligand free bis(ZnOEP) [31]. The resultant UV-Vis spectrum obtained at the final
point of spectroscopic titration is shown on Figure 4A and consists of the following well-
resolved absorption peaks, λmax, nm (log ε): 426 (5.46), 437 (5.47), 561 (4.49), and 597 (4.00).
Curve fitting of the absorbance change observed during the spectroscopic titration with
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the 1:2 binding isotherm [39] yielded two association constants K1 = (0.51 ± 0.01)·103 M−1,
K2 = (3.1 ± 0.1)·103 M−1 at 293 K for the first and the second ligation events, respectively
(Figure 3, Figures S1–S3 and Table S1, see the Supplementary Materials). More than a 6-fold
increase of the second association constant is indicative of a highly positive cooperativity
of the complexation process as it was found previously for other amine guests [73].

 

Figure 3. Changes in UV-Vis spectrum of bis(ZnOEP) (3.34·10−6 M, CH2Cl2, 293 K) caused by
portion-wise addition of BTI (0–1.79 × 10−3 M). (A) Soret-Bands region (B) Q-Bands region.

 

Figure 4. Experimental UV-Vis (A) and CD (B) spectra of 1:2 complex generated by mixing
bis(ZnOEP) (3.34 × 10−6 M, CH2Cl2, 293 K) and BTI (4.41 × 10−3 M).

The CD spectrum of the resulting 1:2 host-guest complex (Figure 4B) was measured
in CH2Cl2 at the end point of UV-Vis titration, after addition of the 1300-fold excess of
BTI. This corresponds to 97% conversion of free bis(ZnOEP) host into the corresponding
complex, and was calculated based on the values of the corresponding association constants
and initial concentrations of the host and guest. While the parent bis-porphyrin is achiral
and thus being CD silent, addition of BTI ligand induced a strong optical activity in the
Soret transition region (Figure 4B). The observed CD profile consists of four Cotton effects
(CEs): two positive peaks at 412 and 438 nm (with the intensities of 45 and 52 M−1·cm−1,
correspondingly), and two negative peaks at 426 and 451 nm (with the intensities of −106.5
and −13.5 M−1·cm−1, correspondingly). Surprisingly, such a complicated CD profile is
contrastingly distinguishable from more simple CD spectra of bis(ZnOEP) induced by con-
ventional chiral amines [30–32]. Apparently, this is a result of the more complex structure
of BTI in comparison to monodentate guests. To understand the origin of the observed
chirogenic phenomenon, the corresponding computational studies were undertaken (see
Section 3.3).
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3.2. Single Crystal X-ray Structure

Crystallographic data provided an additional proof of the structure of 1:2 complex between
bis(ZnOEP) and BTI, resting in the anti-conformation in the solid-state (Figure 5). Complex-
ation proceeds via coordination of the imine nitrogen of BTI ligands to the zinc ions of
bis(ZnOEP), with an average Zn–N bond distance of 2.18 Å. Commonly to zinc porphyrin
complexes, zinc is penta-coordinated and slightly shifted out of the mean porphyrin plane
towards the imine nitrogen of BTI ligand. Coordination of two guest molecules occurs
from the opposite sides of bis(ZnOEP). In the solid-state, two porphyrin units are arranged
nearly parallel to each other, with the Zn-Cmeso-Cmeso-Zn dihedral angle of 179.0◦, hence
indicating only a slight anticlockwise turn of the porphyrin moieties.

Figure 5. Ball-and-stick model of BTI-bis(ZnOEP) 2:1 complex according to X-ray studies (CCDC
2051302). Hydrogen atoms as well as atom sites with minor occupancies are omitted for clarity.

3.3. DFT Modelling of the Complex

The obtained crystal structure was used as a starting point for further geometry opti-
mization. Three standard protocols were used as follows: (1) refining only the positions of
hydrogens and fluorine atoms [74,75], (2) full optimization in the gas phase [74,76–78], and
(3) full optimization in dichloromethane (COSMO solvent model) [76,77,79,80]. Optimiza-
tion was performed using the RI-PB86-3D/def2-SV(P) level of theory followed by further
simulation of the UV-Vis and CD spectra by using the ωB97X-D/cc-pVDZ level of theory
with the SMD solvent model (see Figure 6 and Table S2 in the Supplementary Materials).

 
Figure 6. Simulated UV-Vis (A) and CD (B) spectra for the host-guest system, calculated by using
different starting geometries and the ωB97X-D/cc-pVDZ and SMD solvent model. Green line—
calculated based on crystal structure; blue line—calculated based on the structure optimized in the
gas phase; red line—calculated based on optimized solution structure.
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The UV-Vis spectra calculated on the basis of the crystal structure (λmax at 391 and
399 nm) and optimized geometries (λmax at 401 and 415 nm) are blue shifted in comparison
to the experimentally obtained spectrum (λmax at 426 and 437 nm) (Figure 6A). Additionally,
it is of note that the absorption profile of the crystal structure-based spectrum shows a non-
resolved split of the Soret band with only a shoulder at 391 nm due to the close proximity
of the simulated electronic transitions. However, the optimized geometries in both the gas
phase and the solution give nearly the same absorption profile with a well-resolved split
Soret band, which is similar to the experimental spectrum.

In CD spectra, which are more sensitive to any geometry changes, the spectrum
simulated using the crystal structure has three CEs: a positive peak of +670.0 cgs at λmax at
380 nm, a negative peak of –2062.2 cgs at λmax at 396 nm, and a positive peak of +1752.3 cgs
at λmax at 403 nm (Figure 6B). This spectrum is somewhat similar to the experimental one
(Figure 4B), except the difference in the intensities of the positive bands and an absence
of the low-energy negative band at 451 nm. As in the case of UV-Vis spectra, the CD
spectral profiles simulated by using the geometries optimized in the gas phase and in
dichloromethane solution are essentially the same (Figure 6B). Both spectra have four CEs:
two positive peaks at 393 (393) and 490 (410) nm and two negative peaks at 409 (402) and
416 (417) nm in a gas phase and in dichloromethane (in brackets). However, the calculated
intensities and shape of the bands are different from the experimental one.

To explain the differences in the calculated and experimental spectra, we assumed that
the experimental spectrum represents the combined contribution of various conformers or
even differently organized host-guest complexes. We attempted to define these species,
since X-ray analysis usually defines only the most energetically favorable conformer. In
addition to the lowest energy conformer A (which also dominates in the solid-state, accord-
ing to X-ray analysis), three 1:2 complexes (B–D) differing by the spatial orientation of the
guest molecules and two 1:1 complexes differing by the coordination mode to the second
porphyrin moiety were built and their geometries were fully optimized. The calculated
Gibbs free energies of these complexes are presented in Figure 7. In the complex B, two BTI
molecules are placed asymmetrically at the opposite sides of the bis(ZnOEP) host. In the
complexes C and D, the guests are located at the same side of bis(ZnOEP); however, both
BTI molecules are facing each other either by the octahydrobenzo[d]imidazole fragments
(complex C) or by the bis(trifluoromethyl)phenyl fragments (complex D). In addition to
1:2 complexes, two possible 1:1 complexes with clockwise and anticlockwise positions of
two porphyrin subunits were also modelled. In the 1:1 complexes E and F, the host–guest
interaction occurs via a two-point coordination mode in a tweezer fashion by placing the
BTI molecule between two porphyrin moieties. As the most plausible binding modes, the
corresponding tweezer conformation is fixed either by simultaneous coordination of two
nitrogens of BTI with two zinc ions of bis(ZnOEP) (complex E) or by interaction of imino
nitrogen and one fluorine atom of the CF3 group with zinc ions of bis(ZnOEP) (complex F,
Figure 7). All of the corresponding energies and geometries are given in Table S3 and
Geometries.xyz (see the Supplementary Materials).

According to the Boltzmann distribution, the lowest energy complex A is a dominant
species in solution (97.7%), whilst another complex B makes up only 1%, with the Gibbs
free energy being by 2.8 kcal mol−1 higher than that of the complex A. The Gibbs free
energies of the complexes C and D are even higher by 4.5 and 22.7 kcal mol−1, which is
quite reasonable considering the fact that the approach of two BTI molecules from the same
side of bis(ZnOEP) is sterically hindered by the porphyrin’s ethyl peripheral substituents.
Formation of the 1:1 complexes E and F is also unfavorable, since their Gibbs free energies
are 2.5 and 11.0 kcal mol−1 higher as compared to the major complex A. Based on these
data, it is obvious that the formation of other complexes could not be the reason why the
simulated spectra differ from the experimental one.
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Figure 7. Plausible complexations modes (ratio 1:2 and 1:1) between bis(ZnOEP) and BTI and
the corresponding relative Gibbs energies of the complexes in comparison with the lowest energy
complex A. Ethyl substituents in bis(ZnOEP) are omitted for clarity.

In order to understand the differences with the experimental data, porphyrin geome-
tries obtained from the crystal structure and optimized in solvent were compared and two
major distinctions were found. In particular, one of the porphyrin planes is more deformed,
with the Cβ-Cβ-Cβopp-Cβopp dihedral angles being 18.1◦ and −15.2◦ (optimization in
solution) and 9.4◦ and −9.3◦ (crystal structure), and porphyrin planes are shifted in respect
to each other by 17.0◦ (based upon the Zn-Cmeso-Cmeso-Zn dihedral angle), as compared
to the crystal structure geometry (Figure 8A and Table 1). Additionally, it turned out
that solvation plays an insignificant role, resulting in the minor conformational changes
found for the complexes optimized as in the gas phase and in CH2Cl2. For example, in
the complex optimized in a gas phase, the Zn atoms became a bit closer to the average
porphyrin planes (N-Zn-Nopp angle), but the Cβ-Cβ-Cβopp-Cβopp and Zn-Cmeso-Cmeso-Zn
dihedral angles remained almost unchanged. Therefore, it was reasonable to conclude that
the differences observed between CD spectra, calculated using the geometries optimized
in solution, and the crystal structure are attributed to altering the spatial position of the
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two porphyrin units. Indeed, it is known that the CD spectra of bis-porphyrins are highly
sensitive to the orientation of porphyrin rings relative to each other [30–32]. Furthermore,
it was previously established that the CD amplitude has a parabolic-like dependence on
the dihedral angle between the coupling electronic transitions, with zero values at 0◦ and
180◦ and a maximum value at around 70◦ [81]. In the case of the porphyrin chromophores,
there are two B electronic transitions orientated along the corresponding meso (5–15 and
10–20) positions (Figure 8B) and any directional deviation from the coplanar conformation
makes these transitions optically active. In the crystal structure, both porphyrin planes are
situated almost on the same line, with the dihedral angle Zn-Cmeso-Cmeso-Zn being 179.0◦,
which can be attributed to a slight anticlockwise orientation. In the structure optimized in
dichloromethane, two porphyrin planes are orientated clockwise, with the dihedral angle
Zn-Cmeso-Cmeso-Zn equaling −163.5◦.

 
Figure 8. Atom labelling (A) and corresponding porphyrin electronic transitions (B) of the bis(ZnOEP)-BTI complex. Ethyl
substituents in bis(ZnOEP) are omitted for clarity.

Table 1. Differences in the geometries in the solid-state (according to X-ray crystallography) and in
the gas phase and solution (according to DFT calculations).

Angles
Experimental
(Solid-State)

Fully Optimized
(Gas)

Fully Optimized
(CH2Cl2 Solution)

N-Zn-Nopp (Por 1) 160.6◦ 162.9◦ 160.8◦
161.2◦ 163.5◦ 161.0◦

Cβ-Cβ-Cβopp-Cβopp (Por 1) 9.4◦ 18.4◦ 18.1◦
−9.3◦ −16.4◦ −15.2◦

N-Zn-Nopp (Por 2) 160.9◦ 164.0◦ 161.0◦
160.8◦ 163.5◦ 161.0◦

Cβ-Cβ-Cβopp-Cβopp (Por 2) 11.6◦ 10.9◦ 10.7◦
−13.5◦ −11.7◦ −11.9◦

Nguest-Zn-Nguest-Zn 0.0◦ 6.4◦ 6.1◦
Zn-Cmeso-Cmeso-Zn 179.0◦ −162.2◦ −163.5◦

To confirm this hypothesis unambiguously, a relaxed coordinate scan along the Zn-
Cmeso-Cmeso-Zn dihedral angle with the step of 2◦ using the RI-PB86-3D/def2-SV(P) level
of theory and COSMO solvent model was carried out (corresponding energies are given
in Table S4, see the Supplementary Materials). Further, for all these structures, the corre-
sponding CD spectra using the ωB97X-D/cc-pVDZ level of theory with the SMD solvent
model were simulated (corresponding data are given in Table S5, see the Supplementary
Materials). The spectrum calculated was average weighted and based on the conformers’
electronic energies (entropies and vibrational energies are not taken into account), as shown
in Figure 9A. In this spectrum, the intensity of the 4th CE decreased by 63 cgs, and the
intensities of the 3rd, 2nd, and 1st CEs increased by 158, 23, and 210 cgs, respectively, as
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compared to the CD spectrum of complex A in solution. These values better match the
experimental data; however, the intensities of the 2nd and 1st CEs are still relatively small
(+265 and −335 cgs).

 
Figure 9. (A) Average simulated CD spectra, (B) the potential energy surface scan of the BTI/bis(ZnOEP) complex with
variable Zn-Cmeso-Cmeso-Zn dihedral angles. Red marker shows the minimum found during the geometry optimization,
blue marker shows the structure with the Zn-Cmeso-Cmeso-Zn dihedral angle of 155.5◦.

In turn, the energy scan showed that the potential energy surface is flat and continues
for the range of −167.5◦ to −151.5◦, with the energies varying within just 0.4 kcal mol−1

(Figure 9B and Table S4, see the Supplementary Materials), which makes difficult to deter-
mine the exact minimum. Nevertheless, the minimum found by the geometry optimization
process (and confirmed by frequency calculations) corresponds to the dihedral angle of
−163.5◦ and it is 0.2 kcal mol−1 higher than in the case of the complex with the dihedral
angle of −155.5◦. Such a small energy difference is within an accuracy error of the DFT
method and could be a result of the numerical noise. Therefore, it is plausible to assume
that the Zn-Cmeso-Cmeso-Zn dihedral angle of bis(ZnOEP) complex in solution is about
−155.5◦, since the UV-Vis and CD spectra of this structure (Figure 10) has the best match
with the experimentally measured spectrum (Figure 4). All other simulated spectra are
presented in Figure S4, see the Supplementary Materials.

 
Figure 10. (A) Simulated UV-Vis spectra, (B) simulated CD spectra of bis(ZnOEP)/BTI complexes with variable Zn-Cmeso-
Cmeso-Zn dihedral angles.
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4. Conclusions

In the present work, the complexation of bis(trifluoromethyl)phenyl)octahydro-2H-
benzo[d]imidazol-2-imine (BTI), as a guest, with bis(ZnOEP), as a host, was studied
from the experimental and theoretical points of view. It was found that the host-guest
complexation ratio is 1:2 and the BTI binding occurs via coordination of the imine group
to the zinc ions of bis(ZnOEP). In agreement with the crystallographic results and DFT
study, in solution the main host-guest complex is a supramolecule, in which the two guest
molecules are located symmetrically at the opposite sides of bis(ZnOEP) host.

Complexation of the guests to bis(ZnOEP) causes the formation of a screw confor-
mation in the bis-porphyrin host due to the shift of the porphyrin planes relative to each
other, which results in low-energy shifts of the porphyrin electronic transitions and the
appearance of a strong CD signal in the Soret band region. Although the simulated UV-Vis
spectra based on solid-state geometry and structure optimized in the CH2Cl2 solution
are similar, the CD spectra are more sensitive to geometry changes and differ drastically.
The relative orientation of porphyrin planes changes upon solvation with the resultant
complex, adopting a clockwise screw, with the Zn-Cmeso-Cmeso-Zn dihedral angle being
ca −155.5◦. The CD spectrum simulated for this spatial orientation is a good match with
the experimental data and showed four clearly observed Cotton effects in the Soret band
region induced by the chirogenic process of asymmetry transfer from a chiral guest to an
achiral host.

This study is one of the rare examples of comprehensive CD analysis of chirality
induction in bis-porphyrins caused by external chiral ligands, which can be a benchmark
approach for the rationalization of supramolecular chirogenesis in bis-porphyrins. Further-
more, the obtained results demonstrate the necessity of careful consideration of all external
and internal factors that influence the supramolecular organization of complex to attain
the best match between experimental and simulated CD spectra.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-8
994/13/2/275/s1, Figure S1: UV-Vis spectra of bis(ZnOEP) titration with BTI in CH2Cl2, Figure
S2: UV-Vis experimental and 1:2 fitted titration curves of bis(ZnOEP) and BTI in CH2Cl2, Figure S3:
Residual analysis of UV-Vis titration between bis(ZnOEP) and BTI in CH2Cl2 using 1:2 model, Figure
S4: UV-vis and CD spectra simulated for complexes with altered Zn-Cmeso-Zn-Cmeso dihedral angle,
Table S1: Absorptions of bis(ZnOEP) (3.3×10−6 M) derived from the UV-Vis titration of bis(ZnOEP)
with BTI in CH2Cl2 and concentrations of BTI, Table S2: Transition energies, oscillator strengths and
rotational strengths, Table S3: Energies of complexes A–F, Table S4: Energies of complexes optimized
in CCl2H2 with frozen Zn-Cmeso-Cmeso-Zn dihedral angle, Table S5: Transition energies, oscillator
strengths and rotational strengths for complexes with frozen Zn-Cmeso-Cmeso-Zn dihedral angle,
Cartesian coordinates (Geometries.xyz).
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Abstract: The electronic circular dichroism (CD)-silent 2,5-bis(biphen-2-yl)terephthalaldehyde has
been used as a sensor (reporter) of chirality for primary amines. The through-space inductor–reporter
interactions force a change in the chromophore conformation toward one of the diastereomeric forms.
The structure of the reporter, with the terminal flipping biphenyl groups, led to generating Cotton
effects in both lower- and higher-energy regions of the ECD spectrum. The induction of an optical
activity in the chromophore was due to the cascade point-to-axial chirality transmission mechanism.
The reporter system turned out to be sensitive to the subtle differences in the inductor structure.
Despite the size of the chiral substituent, the molecular structure of the inductor–reporter systems in
the solid-state showed many similarities. The most important one was the tendency of the core part
of the molecules to adapt pseudocentrosymmetric conformation. Supported by a weak dispersion
and Van der Waals interactions, the face-to-face and edge-to-face interactions between the π-electron
systems present in the molecule were found to be responsible for the molecular arrangement in the
crystal.

Keywords: induced optical activity; stereodynamic chirality probe; exciton coupling

1. Introduction

Chirality and its demonstration, an optical activity of non-racemic compounds, is
one of the most fascinating phenomena observed in nature. Without a doubt, chirality
represents the most decisive factor that affects the functioning of living organisms. The
tangible evidence of chirality is the so-called “asymmetry of life” that is manifested, for
example, by the same configuration of amino acids that are building blocks of living or-
ganisms. Self-organization of bio-organic molecules, molecular recognition, and induction
of chirality, which take place in living organisms, are fundamental processes of which
chirality plays the first fiddle [1–7].

On the other hand, one of the convenient ways to acquire chiral compounds in
the enantiomerically pure form relies on the process of chirality induction in prochiral
substrate. The stereoselective synthesis is the leading aspect of contemporary synthetic
organic chemistry [8–11].

The optical activity of chiral compounds manifests itself inter alia by their optical rota-
tion (OR) and circular dichroism (CD), both vibrational (VCD) and electronic (ECD) [12,13].
The latter two spectroscopic methods are particularly useful for determining the structure of
chiral compounds and their aggregates, however, the presence of suitable chromophore (or
chromophores) in the molecule skeleton is compulsory. Thus, in the case of the compounds
lacking chromophoric system(s), the proper functionalization, which means introducing
the appropriate chromophore into the molecule, allows for structural studies using CD
spectroscopy.
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It is an axiom to say that the optically active compounds are characterized by the
permanent chirality, i.e., they are non-changeable under standard conditions. There is a
group of dynamically racemic compounds, usually characterized by strong electronic ab-
sorption in UV–VIS spectral region, which remain optically inactive (ECD-silent) due to the
easily achieved equilibrium between the enantiomeric forms [14]. This equilibrium might
be affected by the covalent or non-covalent attachment of permanently chiral “inducer”
to such a stereodynamic chromophore. As a result of the adaptation of the structure of
the chromophore to the chiral environment created by the inducer, the arising of Cotton
effects (CEs) in the region of the absorption of the chromophore is observed in the ECD
spectra [14].

The above-mentioned mode of action of stereodynamic chromophoric probes is in
fact a foundation of chirality sensing process [15–19]. To date, a number of artificial
probes have been introduced in stereochemical analysis to establish chirality of natural
and man-made compounds. Among the probes, those based on exciton coupling between
strong electric dipole transition moments (EDTMs) seem to be particularly useful for
chirality sensing [20–22]. The direct correlation between the shape of the ECD spectrum
(with particular emphasis on the spectral region where exciton couplet is appearing) and
geometrical relationship between interacting EDTMs allows for determining the inducer’s
chirality.

Among the permanently chiral molecules, the inducers having two or more groups
prone to functionalization represent rather less demanding cases for stereochemical assign-
ments. On the opposite pole are chiral molecules in which there is no more than one group
available for functionalization. In such cases, the chromophoric probe needs to contain
two aromatic parts twisting relatively to each other upon attaching the inducer [23–25]. As
a result, the chromophoric system becomes optically active. The way of action of these
probes relies on the point-to-axial chirality transfer mechanism and, usually, the efficiency
of the probe is directly proportional to the differences between substituents flanking the
stereogenic center(s) [26–29].

Recently, we have proven that the ECD-silent chromophoric probe, based on the
2,5-di(1-naphthyl)terephthalaldehyde skeleton, might be efficiently applied for chirality
sensing of primary amines through the point-to-axial chirality transmission mechanism [30].
A feature that distinguishes this probe from others is unprecedentedly high sensitivity
to subtle differences in the inductor structure. The generated exciton Cotton effects were
observed in the region of the 1Bb electron transition in the naphthalene chromophore,
which was more than enough for stereochemical studies of aliphatic amines. However, for
the inducers with aromatic chromophores, the measured ECD spectra exhibited complex
shapes, which made simple structure–spectrum correlations impossible.

To check the possibility of overcoming this problem, we decided to modify the struc-
ture of the receptor in such a way that the CEs were visible beyond the absorption range
of the typical π-electron chromophores. However, the main goal was to develop a probe
operating on the cascade mechanism of chirality transmission. Thus, the attachment of an
additional flexible chromophore to the terephthalaldehyde core will lead to formation of
the chirality sensor capable of sequential transferring of the structural information. The
intention behind this idea is depicted in Figure 1a.

From the point of view of the assumption made, biphenyl as a flexible chromophore
has turned out to be a natural choice. This belief is based on the solid foundations. It
was as early as at the turn of the century when Rossini “induced a preferred twist in
a biphenyl core”, which allowed for determining the absolute configuration of chiral
diols [31]. Shortly after, we and other research groups have proven the usefulness of
biphenyl-based compounds for stereochemical studies [32–38]. Although these probes
were different in the method of binding the inductor, the general mode of an action of
the probes was the same. The through-space inductor-reporter interactions enforced the
shift of the biphenyl P/M equilibrium (“twist” of the chromophore) toward one of the two
diastereomeric forms. This resulted in the appearance of non-zero CEs in the region of
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the biphenyl UV-absorption, with the position and the amplitude of CD bands potentially
being affected by proper functionalization of chromophore core [35].

 

Figure 1. (a) Schematic representation of the designed stereodynamic probe. Arrows indicate polarizations of electron
transition of the highest oscillator strengths within the biphenyl chromophore. (b) Examples of biphenyl-containing
sterodynamic probes for chirality sensing. The biphenyl-based probe core is marked in blue.

Continuing our interests in the dynamic chirality induction phenomenon, we decided
to put some efforts into designing and synthesizing the new sensitive stereodynamic
reporter for primary amines operating on the basis of the point-to-axial chirality mechanism.
The modular structure of the probe core would consist of the amine-binder, whereas the
external flexible chromophore systems would be responsible for generating the CEs. We
will point out that the efficiency in the chirality sensing, understood as the quantitative
correlation between the size of the substituent(s) and the Cotton effect(s) amplitude, turned
out to us to be less important than providing the evidence of chirogenesis taking place
in such a cascaded probe. An opportunity to investigate the effect of a substituent on the
chromophore structure in the solid state would be given by comparison of the structures of
the inductor–reporter systems found in the crystal.

2. Materials and Methods

Detailed experimental procedures, details regarding X-ray diffraction studies, and
theoretical calculations are given in the Supplementary Information file.

3. Results and Discussion

As it has been reported previously, the initial attempts to the modification of the
2,5-di(1-naphthyl)terephthalaldehyde probe by replacing the naphthalene with other chro-
mophore (preferably anthracene) failed [30]. However, we successfully synthesized the
derivative 1 of the modular structure by Suzuki coupling of 2,5-dibromoterephthalaldehyde
with 2-biphenylboronic acid (all details regarding synthesis and full spectroscopic charac-
terization of the compounds are contained in the Supplementary Information) [39].

In 1, the central dialdehyde part would bind the permanently chiral inducer (the
primary amine), whereas the biphenyl units act as “double” switchable chromophores.
We expected a possibility of rotation around the carbon–carbon bonds connecting the
binding part with the chromophore (“the first twist”) and around those bonds, which
connect the aromatic rings in the biphenyls (“the second twist”). Therefore, the structural
information from the stereogenic center of the inducer to the external phenyl ring would
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be transferred sequentially. As the inducers, we chose primary amines, which varied in
the size of the substituents flanking stereogenic center including the demanding case of
3-aminotetrahydrofurane. In such a particular case, the probe will have to distinguish the
differences between oxygen atom and CH2 group in the inductor structure.

The diimine compounds 2a–2k (shown in Figure 2) were obtained quantitatively
through a simple condensation of 1 with twofold excess of the respective amine. Further
purification by crystallization allowed us to obtain analytically pure samples, which were
further used for stereochemical studies. Having an opportunity for a deeper look into
the structure of the compounds in the crystalline phase, we begin the discussion from the
results of the X-ray diffraction studies.

 

Figure 2. (a) Structures of compounds under study. (b) Torsion angles that characterize a molecular conformation.

3.1. The Solid-State Molecular Structure and Molecular Organization in the Crystals of Diimines

The asymmetric unit of crystal 1 consists of half molecule of the aldehyde located on
inversion center, which means that the molecule uses its own symmetry. The molecule of 1

does not contain any functional groups considered as potential donors of strong classical
hydrogen bonds. However, it is possible to form C–H···O hydrogen bonds, and in the
crystal structure of 1, we observed supramolecular chains made from the molecules of 1

(Figure 3). Additionally, despite the presence of the formyl group, the probe 1 represents
a rich aromatic system. Therefore, the π-electron interactions constitute the main force
“sticking” molecules together to form the 3D crystal structure.

Similarly to the parent compound 1, the possibility of forming classic strong hydrogen
bonds in crystal structure is limited in the case of the imines 2a–2f, 2h, and 2k. The addition
of the chiral substituent to the probe 1 core disrupted the inversion symmetry. However,
for most of the obtained derivatives, this did not cause a significant change of the geometry
of the core of the molecule. For compounds 1, 2a–2e, and 2h, the conformation of the
molecule in crystal phase was practically the same (Table S4). It is worth emphasizing
that the core part of the molecules remained pseudocetrosymmetric. The comparison of the
geometry of the selected molecules is shown in Figure 4.
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Figure 3. (a) Molecular structure of 1. (b) Supramolecular chain via H-bonds in the crystal structure (view along a-axis).
Molecular packing in the crystal structure of 1: (c) view along c-axis and (d) view along b-axis. Oxygen atoms are shown as
red balls.

 

Figure 4. Overlying of molecular structures of compounds 1, 2a–2e, and 2h.

Interestingly, comparing the unit cell parameters found for the compounds 2a–2e and
2h showed that they are very similar (see Table S5). Moreover, the crystal packing turned
out to be quite repeatable in the case of various derivatives.

The crystal structure is glued by interactions of π-electron systems. For the exemplary
case of 2c, two molecules interact with each other through face-to-face interactions between
the aromatic rings of biphenyl substituents. Such a discrete stack is obscured on both
sides by edge-to-face interactions with the next two molecules (Figure 5a). The crystal
structure is composed of layers stabilized by a series of aromatic interactions, supported in
some cases by weak C–H···N interactions. The 3D structure is stabilized by weak Van der
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Waals interactions and dispersion interactions (Figure 5b). The visible differences in crystal
packing of individual derivatives result from volume and shape differences between the
chiral substituents attached to the nitrogen atoms. It can be concluded that the geometry
of the molecule determines the packing of the molecules in the crystal structure. Being
strict, we must admit that the type of the substituent, its size, and its shape causes slight
differences in the packing of the molecules in the crystal phase. This results from the steric
fit of the molecules and does not disturb the general patterns observed for most compounds
under study.

 

Figure 5. (a) Supramolecular interactions in the crystal structure of 2c. For clarity, the aliphatic substituents are shown with
thinner lines whereas intermolecular interactions are shown as dashed lines. Distances are in angstroms. (b) Molecular
packing in the crystal of 2c viewed along the b-axis (nitrogen atoms are shown as balls).

A significant change in the geometry of the molecule can be observed in the case of
compounds 2f and 2k, where both biphenyl wings are on the same side of the molecule.
Interestingly, in both cases, the crystals contain solvent molecules. In the crystals of 2f, the
solvent molecules are located in voids, which constitute about 9.5% of the unit cell volume
(Figure 6a). For the imine 2k, the solvent is located in the channels occupying 20% of the
unit cell volume (Figure 6b). The crystals of both compounds left in the air, apart from the
solvent, are unstable and destroyed after some time (several hours for 2f and two days
for 2k). Similarly to the previously mentioned cases, for these two compounds, the main
force that is responsible for the arrangement of the molecules in the 3D structure are the
interactions between the aromatic systems supported by weak dispersion and Van der
Waals interactions.
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Figure 6. (a) Structural voids in the crystal of compounds 2f and (b) channels in the crystal structure of 2k.

3.2. Chirogenesis in Imines 2a–2k

The crystallographic studies did not provide any ultimate prediction regarding the
possibility of induction of an optical activity in the compounds under study. What is more,
the observed solid-state molecular behavior of the studied compounds calls the usefulness
of probe 1 as the chirality sensor into question. On the other hand, the structure of a
given compound in the crystal is determined mostly by the way of packing and strong
intermolecular interactions, whereas in the diluted solution, more subtle intramolecular
interactions can influence the conformation.

The initial attempts to measure ECD spectra of imines failed due to very limited solu-
bility or even insolubility of these compounds in polar solvents. However, the imines 2a–2k

turned out to be unexpectedly well soluble in non-polar solvents, i.e., cyclohexane; there-
fore, both UV and ECD spectra were measured in this solvent. The numerical UV and ECD
data are juxtaposed in Table 1, and in Figure 7, example ECD spectra of imines 2a, 2c, 2f,
and 2h are shown. For the sake of comparison, in Figure 7, we additionally show the ECD
spectra of the corresponding imines obtained from 2,5-di(1-naphthyl)terephthalaldehyde
and (R)-2-aminebutane, (R)-2-amine-3,3-dimethylbutane, (R)-3-aminetetrahydrofurane,
and (R)-1-phenylethylamine (data taken from [30]).

The UV spectra of 2a–2k exhibited a few absorption bands. The number, intensity,
and the position of the UV absorption bands depended on the type and structure of the
compound. Apart from the higher-energy maximum appearing at around 190 nm, the
remaining UV bands were usually not well-distinguished from each other. An attempt to
generalize led to the conclusion that it is possible in the UV spectra to distinguish at least
four areas in which the absorption maximums or curve inflection points appeared. For
example, in the simplest case of 2a, the first lowest energy band appeared at 319 nm and
the position of the higher-energy bands were 237 and 196 nm, whereas in the region of
270 nm, there was an inflection point of the UV curve rather than an actual maximum. A
subtle change in the structure of the inductor (2b) resulted in better visibility of the 270-nm
absorption band, however, in the lower-energy region, the absorption bands were found to
not be well separated from each other.
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Table 1. The UV (ε, in dm3·mol−1·cm−1) and electronic circular dichroism (ECD) (Δε, in dm3·mol−1·cm−1) data for imines
2a–2k [a].

Compound UV (nm) ECD (nm)

2a 4600 (319); 45,000 (237); 72,400 (196) 1.7 (320); −4.1 (299); 19.0 (270); −1.6 (252); 9.2 (233); −12.8 (209); 5.9
(194)

2b 39200 (238); 65,600 (196) 3.2 (321); −5.3 (300); 21.7 (270); −0.8 (253); 18.8 (236); −16.8 (211);
−7.6 (203); −9.0 (200); 2.6 (194)

2c 31,400 (274); 46,300 (238); 78,300 (192) −6.0 (316); 6.5 (297); −23.3 (269); 0.7 (254); 36.1 (235); 17.0 (212); 8.7
(204); 12.3 (199); 4.6 (194)

2d 43,800 (238); 73,100 (196) −3.9 (316); 1.4 (299); −11.8 (270); −1.1 (254); −25.9 (233); 10.8 (206);
15.4 (200); 7.5 (192); 12.8 (188)

2e 31,700 (280); 42,100 (238); 74,600 (193) −4.4 (308); 3.7 (274); −6.1 (235); −2.3 (217); −3.5 (211); 8.6 (192)
2f 41600 (237); 67,700 (195) 1.1 (320); 9.9 (270); −2.3 (252); −6.4 (208); 7.0 (195)
2g 30,700 (274); 45,000 (237); 129,600 (195) 12.2 (313); −1.5 (278); 1.4 (268); −13.7 (240); 94.2 (201); −48.8 (186)

2h 6400 (321); 48,200 (238); 150,700 (189) 4.4 (324); 1.6 (286); −0.7 (280); 5.1 (268); −14.8 (251); −28.8 (236); 3.2
(213); 95.9 (195)

2i 44,500 (274); 159,100 (227); 79,400 (188) 1.4 (333); −4.7 (320); −24.4 (285); 28.8 (265); −37.8 (234); −24.2
(224); 18.7 (208); 24.3 (192)

2j 46,100 (276); 174,900 (226) −7.4 (328); −5.9 (316); 2.9 (299); 3.9 (282); 113.4 (232); −184.9 (222);
15.6 (202); 18.1 (188)

2k 29,400 (267); 106,500 (206); 81,600 (188) 2.4 (346); −3.1 (316); 0.9 (305); −60.9 (269); −12.0 (251); −45.0 (236);
53.3 (215); −18.2 (195)

[a] The concentration of analytes ranged from 1.0 to 2.0 × 10−4 mol L−1. The spectra were recorded in pure cyclohexane, from 400 to 185
nm, with the scan speed of 100 nm min−1 and with 16 accumulations (see the Experimental section in the Supplementary Information for
details).

Figure 7. The ECD spectra of (a) 2a, (b) 2c, (c) 2f, and (d) 2h (solid black lines) and the ECD spectra of their counterparts
obtained from 2,5-di(1-naphthyl)terephthalaldehyde and (a) (R)-2-aminebutane, (b) (R)-2-amine-3,3-dimethylbutane, (c)
(R)-3-aminetetrahydrofurane, and (d) (R)-1-phenylethylamine (blue dashed lines, data taken from [30]); all spectra were
measured in cyclohexane. Insets show structures of the respective compounds. (d) The ECD spectrum of 2c (red dashed
line) calculated at the TD-CAM-B3LYP/6-311++G(d,p) level and Boltzmann averaged. The calculated spectrum was
wavelength-corrected to match the UV maximum.
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On the contrary, the ECD spectra showed a clearer picture, although for all the imines
2a–2k, the ECD spectra were rich in CEs. Among the CEs visible in each individual
spectrum, those that appeared at around 270, 230, and 210 were the most intense, whereas
in the lower- and the higher-energy regions, the amplitudes of respective CEs were smaller.
The exceptions were imines 2i and 2j, additionally containing naphthalene chromophore in
each of the inducer moieties. In these cases, the ECD spectra were dominated by the strong
exciton couplets appearing in the region of the 1Bb electron transition in the naphthalene
chromophores. The amplitudes were equal to −43 and 295, respectively, for 2i and 2j. For
the remaining cases, the CEs observed in ECD spectra originated from dynamically induced
optical activity in the chromophore. However, while the CEs appearing at ≈260–280 nm
were not surprising for biphenyl derivatives, the origin of the lower-energy CEs appearing
at around 310–320 nm remained unclear.

Even the cursory reading data collected in Table 1 led to the conclusion that for fully
aliphatic imines 2a–2d, which are characterized by the same structural type, the sequence of
CEs reflected the chirality of stereogenic center. The amplitudes of respective CEs might be
(to some extent) correlated with the volume of substituents flanking the stereogenic center.
Thus, the sequence of CEs found for imines of S absolute configuration at stereogenic
centers is as follows: +/−/+/−/+/−/+, and for imines of opposite absolute configuration,
the CEs sequence is mirrored. Other results obtained from the analysis suggest that the
relative bulkiness of the substituents in similar imines 2a–2d rose as follows: t-Bu > i-Pr
> Cy > Et > Me. Unfortunately, for other compounds under study, this analysis is not
straightforward and is limited to the closely related inducers (for example, 2g and 2h).

Abstracting from a quantitative structure–spectra correlation, we argue that the aspect
that should be first of all paid attention to is unprecedently high sensitivity of the probe
to the chirality of the inducer. The best example confirming these words is the direct
comparison of the ECD spectra measured for imines containing the probe 1 skeleton
and for those obtained from the 2,5-di(1-naphthyl)terephthalaldehyde-based probe (see
Figure 7). For the most demanding case of 3-aminetetrahydrofurane, the CEs, observed for
2f, turned out to be of three to six times higher amplitude than the CEs measured for the
corresponding diimine of 2,5-di(1-naphthyl)terephthalaldehyde.

Having confirmed the efficiency in chirality sensing, we carried out some computa-
tional studies on the structure–chiroptical property relationships for the arbitrary chosen
representative example 2c. We assumed that this would cast some light on the problem of
the dynamic chirality induction in such a complex. Unexpectedly, this task turned out to be
more complicated than we thought. Among several methods tested for structure and ECD
calculations, the “classical” hybrid functional B3LYP including empirical dispersion correc-
tion (GD3BJ), used for geometry optimization and newer CAM-B3LYP hybrid functional
for excited states calculations (both in conjunction with enhanced 6-311++G(d,p) basis set),
gave the most satisfying results (see Figure 7c) [40–44].

Each low-energy conformer of 2c might be characterized by at least four torsion
angles (see Figure 2b for definition of torsion angles, and Table 2 for some energetic and
structural data that characterize individual low-energy conformer). The twist α1 and α2
angles (defined here as α1 = C2-C1-C1′A-C2′A, α2 = C4-C5-C1′B-C2′B) define the relative
orientation of biphenyl moieties A and B to the central terephthalaldehyde unit C. The
computational study clearly indicates that the low-energy conformers are characterized
by the values of the α angles ranging from ±60◦ to ±120◦. As it was in the case described
previously, the low-energy conformers of 2c, by analogy to the B-A-B-type triads, can
be considered of C or S-type [45–47]. Conformers characterized by the opposite signs of
the α1 and α2 angles (S-type conformers) were of higher energy than C-type structures
characterized by the same signs (not necessarily the values) of the α angles. However,
even among the low-energy C-type conformers of 2c, some structural preferences were
visible. The prevailing conformers are characterized by symmetry and the total population
of C2-symmetrical conformers no. 1, 4, and 13 of 2c are equal to 72%. The lowest-energy
conformer no. 4, which was characterized by the highest abundance in the equilibrium
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(41%), had the greatest impact on the overall ECD spectrum as well. The difference between
the lowest energy conformer no. 4 of 2c and the structure of the molecule found in the
solid state (see Figure 8a) was noticeable.

Table 2. Total (E, in Hartree) and relative (ΔE, in kcal mol−1) energies; percentage populations (Pop); and torsion angles
α, β, γ, and ω (in degrees) calculated at the B3LYP-GD3BJ/6-311++G(d,p) level for individual low-energy conformer of
diimine 2c and found experimentally for the molecule presents in the crystal of 2c.

Conformer No. [a] E ΔE Population α1
[b] α2

[b] β1
[c] β2

[c] γ1
[d] γ2

[d] ω [e]

1 −1815.80601 0.75 11 −62 −62 −46 −46 −177 −177 54
2 −1815.80508 1.33 4 60 −67 48 −48 −174 −180 173
4 −1815.80721 0.00 41 59 59 47 47 −175 −175 −57
5 −1815.80578 0.90 9 −128 −74 52 −55 −172 179 −24
9 −1815.80505 1.35 4 −120 59 54 49 −178 −175 117
12 −1815.80421 1.88 2 66 134 50 −54 −168 160 22
13 −1815.80656 0.4 20 −123 −123 53 53 −176 −176 −69
47 −1815.8051 1.32 4 −115 −65 58 −44 22 −180 −2
69 −1815.80429 1.83 2 59 110 45 −53 −175 −22 −11
77 −1815.80463 1.62 3 −118 59 55 49 23 −176 118

X−ray −64 64 −50 47 −166 −177 −178
[a] conformers are numbered according to their appearance during conformational search; [b] α1 = C2-C1-C1′A-C2′A; α2 = C4-C5-C1′B-C2′B;
[c] β1 = C1′A-C2′A-C1′ ′A-C2′ ′A; β2 = C1′B-C2′B-C1′ ′B-C2′ ′B; [d] γ1 = C1-C2-C=X; γ2 = C5-C4-C=X; [e] ω = C2′A-C1′A-C1′B-C2′ ′B (for
definition, see Figure 2b).

Figure 8. (a) Overlays of X-ray diffraction determined solid-state structure of 2c (green) and the lowest energy conformer
no. 4 of 2c, calculated at the B3LYP-GD3BJ/6-311++G(d,p) level (red). (b) The ECD spectrum calculated at the CAM-
B3LYP/6-311++G(d,p) level for the lowest energy conformer no. 4 of 2c. Vertical bars represent calculated rotatory strengths.
Wavelength was not corrected. (c) The main molecular orbitals involved in the low-energy electron transitions in the
low-energy conformer no. 4 of 2c.
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The values of the angles β1 and β2 describe “the second twist” of the chromophore.
Strictly speaking, the angles β1 and β2 determine the helicities of the biphenyl units (from
the two possibilities, the lower, in the absolute sense, value of the angle β was taken for
each biphenyl moiety). Thus, the helicities of biphenyls may be consistent (either M,M or
P,P) or opposite (M,P). The lowest-energy conformer no. 4 of 2c is characterized by P,P
helicity of the biphenyls.

With the exception of the high-energy conformers no. 47, 69, and 77, conformation of
both γ1 and γ2 angles remained antiperiplanar.

Conformation of the chromophore was reflected in generated rotatory strengths. In
general, the computational analysis was to show the correlation between CEs calculated for
individual low-energy conformers of 2c and the ω angle describing the spatial relationship
between EDTMs polarized along the long axis of biphenyl chromophore. Unfortunately,
the analysis was not as straightforward as what may be expected, and the computational
results showed a rather complex spectroscopic pattern of the calculated ECD spectra.

Referring again to the lowest energy conformer no. 4 as the representative example,
we looked into orbitals involved in the electron transitions. We were interested in to what
extent such an analysis would allow us to identify the origin of the CEs, especially those
observed in the low-energy spectral region. In Figure 8b,c, we show the ECD spectrum
and main molecular orbitals involved in the low-energy electron transitions calculated for
conformer no. 4. We took into consideration only those low-energy electron transitions
that generate significant rotatory strengths. Thus, from the point of view of a chiroptical
output, the most important electron transitions appeared at the calculated ECD spectrum
at 297, 281, 277, and 260 nm. The first of these is responsible for positive low-energy CE
observed in experimental ECD spectrum at around 300 nm, whereas superposition of the
remaining electron transitions resulted in the negative CE observed at around 270 nm.

The calculated lowest energy electron transitions engaging orbitals came from both
the central imine unit C as well as from lateral biphenyl chromophores. In other words, the
HOMO–LUMO transition contributed the most to the positive rotatory strength calculated
at 297 nm, involving orbitals delocalized to the whole molecular system. It is worth
considering the fact that the twist of the biphenyl systems relative to the central unit as well
as aromatic rings in biphenyl chromophores did not completely block the possibilities of
electron delocalization. Therefore, the biphenyl moieties cannot be considered as “isolated”
chromophores capable of generating exciton-type couplets.

Going to the higher energies—the remaining above-mentioned rotatory strengths
originated mainly from the orbitals centered in the biphenyl units (Figure 8c). It should be
noted that some contribution to the overall rotatory strengths were also established from
electron transitions involving HOMO and HOMO-4 orbitals and LUMO, LUMO+1, and
LUMO+2 orbitals delocalized either to the chromophore or centered solely at biphenyl
units.

4. Conclusions

To conclude, we have proven the utility of 2,5-bis(biphen-2-yl)terephthalaldehyde
as chirality sensor for primary amines. The amines act as inductors of an optical ac-
tivity in the stereodynamic multichromophoric system. The measured ECD spectra are
richer in CEs and therefore more difficult to interpret. Consequently, the structure–spectra
correlations seemed to not be as straightforward as in the cases of respective 2,5-di(1-
naphthyl)-terephthalaldehyde-based imines. The main advantage of the system described
here relies on its unprecedent sensitivity, exceeding sensitivity of to-date described chro-
mophoric probes. For structurally similar inductor systems, it is possible to draw some
qualitative and quantitative correlations binding the absolute configuration, size of the
substituents flanking stereogenic center with signs, and amplitudes of Cotton effects.

The computational analysis carried out for the representative example 2c indicated
the preference to the C-type conformers in conformational equilibrium over conformers of
the S-type higher in energy. While for 2,5-di(1-naphthyl)terephthalaldehyde-based imines
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the observed exciton CEs originated from interactions between EDTMs within naphthalene
chromophores, the biphenyl-containing probe 1 represented a more complex chromophoric
system engaging orbitals delocalized to the whole molecule. Therefore, the biphenyl
chromophore did not contribute independently and solely to the observed low-energy
Cotton effects.

The maximalization of dispersive interactions between aromatic rings forced an adap-
tation of pseudocentrosymmetric structure of the imines in the solid state. The mechanism
of molecular packing was found to be irrelevant to the size and absolute configuration of
the inductor part of the molecule.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-899
4/13/2/325/s1: Experimental details, Calculation details, X-ray diffraction study details, copies of 1H
and 13C NMR spectra. Figure S1: Calculated at the B3LYP-GD3BJ/6-311++G(d,p) level structures of
thermally accessible conformers of compound 2c. Figure S2: ECD spectra of low-energy conformers
of imine 2c calculated at TD-CAM-B3LYP/6-311++g(d,p) level. Wavelengths have not been corrected.
Figure S3: Measured in cyclohexane (solid blue line) and calculated (dashed green line) at TD-
CAM-B3LYP/6-311++g(d,p) level spectra of diimine 2c. Wavelengths have been corrected to match
experimental UV maxima. Figure S4: (a) Molecular structure of compound 1 (numbering scheme
shown for asymmetric part for clarity) and (b) C-H···O interactions in crystal structure (O-atoms
shown as balls). Figure S5: (a) Molecular structure of 2a and atoms numbering scheme. The disorder
model shown in the box (minor occupancy fragment shown as a balls with thinner bonds). Crystal
packing (b) view along a axis and (c) view along b axis. N-atoms shown as balls and hydrogen
atoms are omitted for clarity. Figure S6: (a) Molecular structure of 2b and atoms numbering scheme.
The disorder model shown in the box (minor occupancy fragment shown as a balls with thinner
bonds). Crystal packing (b) view along b axis and (c) view along c axis. N-atoms shown as balls and
hydrogen atoms are omitted for clarity. Figure S7: (a) Molecular structure of 2c and atoms numbering
scheme. Crystal packing (b) view along b axis and (c) view along c axis. N-atoms shown as balls
and hydrogen atoms are omitted for clarity. Figure S8: (a) Molecular structure of 2d and atoms
numbering scheme. Crystal packing (b) view along b axis and (c) view along c axis. N-atoms shown
as balls and hydrogen atoms are omitted for clarity. Figure S9: (a) Molecular structure of 2e and
atoms numbering scheme. Crystal packing (b) view along b axis and (c) view along c axis. N-atoms
shown as balls and hydrogen atoms are omitted for clarity. Figure S10: (a) Molecular structure of
one of the independent molecules in crystal structure of 2f and atoms numbering scheme (shown for
asymmetric part), (b) voids in crystal structure, view along b axis and (c) molecular packing, view
along a axis. N-atoms shown as balls and hydrogen atoms are omitted for clarity. Figure S11: (a)
Molecular structure of 2h and atoms numbering scheme. Crystal packing (b) view along b axis and
(c) view along c axis. N-atoms shown as balls and hydrogen atoms are omitted for clarity. Figure
S12: (a) Molecular structure of 2k and atoms numbering scheme, (b) structural channels in crystal
structure, view along a axis and (c) molecular packing, view along c axis. N-atoms shown as balls
and hydrogen atoms are omitted for clarity. Figure S13: Copy of 1H NMR spectrum of studied
dialdehyde 1 measured in CDCl3. Figure S14: Copy of 13C NMR spectrum of studied dialdehyde
1 measured in CDCl3. Figure S15: Copy of 1H NMR spectrum of studied diimine 2a measured in
CDCl3. Figure S16: Copy of 13C NMR spectrum of studied diimine 2a measured in CDCl3. Figure
S17: Copy of 1H NMR spectrum of studied diimine 2b measured in CDCl3. Figure S18: Copy of 13C
NMR spectrum of studied diimine 2b measured in CDCl3. Figure S19: Copy of 1H NMR spectrum of
studied diimine 2c measured in CDCl3. Figure S20: Copy of 13C NMR spectrum of studied diimine
2c measured in CDCl3. Figure S21: Copy of 1H NMR spectrum of studied diimine 2d measured in
CDCl3. Figure S22: Copy of 13C NMR spectrum of studied diimine 2d measured in CDCl3. Figure
S23: Copy of 1H NMR spectrum of studied diimine 2e measured in CDCl3. Figure S24: Copy of 13C
NMR spectrum of studied diimine 2e measured in CDCl3. Figure S25: Copy of 1H NMR spectrum of
studied diimine 2f measured in CDCl3. Figure S26: Copy of 13C NMR spectrum of studied diimine
2f measured in CDCl3. Figure S27: Copy of 1H NMR spectrum of studied diimine 2g measured in
CDCl3. Figure S28: Copy of 13C NMR spectrum of studied diimine 2g measured in CDCl3. Figure
S29: Copy of 1H NMR spectrum of studied diimine 2h measured in CDCl3. Figure S30: Copy of 13C
NMR spectrum of studied diimine 2h measured in CDCl3. Figure S31: Copy of 1H NMR spectrum of
studied diimine 2i measured in CDCl3. Figure S32: Copy of 13C NMR spectrum of studied diimine
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2i measured in CDCl3. Figure S33: Copy of 1H NMR spectrum of studied diimine 2j measured in
CDCl3. Figure S34: Copy of 13C NMR spectrum of studied diimine 2j measured in CDCl3. Figure
S35: Copy of 1H NMR spectrum of studied diimine 2k measured in CDCl3. Figure S36: Copy of 13C
NMR spectrum of studied diimine 2k measured in CDCl3. Figure S37: Copy of UV (upper chart)
and ECD (bottom chart) spectra of studied diamine 2a measured in cyclohexane (solid blue line)
and acetonitrile (dashed red line). Figure S38: Copy of UV (upper chart) and ECD (bottom chart)
spectra of studied diamine 2b measured in cyclohexane (solid blue line) and acetonitrile (dashed red
line). Figure S39: Copy of UV (upper chart) and ECD (bottom chart) spectra of studied diamine 2c
measured in cyclohexane (solid blue line) and acetonitrile (dashed red line). Figure S40: Copy of UV
(upper chart) and ECD (bottom chart) spectra of studied diamine 2d measured in cyclohexane (solid
blue line) and acetonitrile (dashed red line). Figure S41: Copy of UV (upper chart) and ECD (bottom
chart) spectra of studied diamine 2e measured in cyclohexane (solid blue line) Sample was insoluble
in acetonitrile. Figure S42: Copy of UV (upper chart) and ECD (bottom chart) spectra of studied
diamine 2f measured in cyclohexane (solid blue line) and acetonitrile (dashed red line). Figure
S43: Copy of UV (upper chart) and ECD (bottom chart) spectra of studied diamine 2g measured in
cyclohexane (solid blue line) and acetonitrile (dashed red line). Figure S44: Copy of UV (upper chart)
and ECD (bottom chart) spectra of studied diamine 2h measured in cyclohexane (solid blue line) and
acetonitrile (dashed red line). Figure S45: Copy of UV (upper chart) and ECD (bottom chart) spectra
of studied diamine 2i measured in cyclohexane (solid blue line) and acetonitrile (dashed red line).
Figure S46: Copy of UV (upper chart) and ECD (bottom chart) spectra of studied diamine 2j measured
in cyclohexane (solid blue line) and acetonitrile (dashed red line). Figure S47: Copy of UV (upper
chart) and ECD (bottom chart) spectra of studied diamine 2k measured in cyclohexane (solid blue
line) and acetonitrile (dashed red line). Table S1: Total and Gibbs free energies (E, ΔG, in Hartree),
relative energies (ΔE, ΔΔG, in kcal mol 1), ΔE and ΔΔG-based percentage populations (% ΔE, %
ΔΔG) and numbers of imaginary frequencies (#Imfreq) calculated at B3LYP-GD3BJ/6-311++G(d,p)
level for individual conformers of diimine 2c; Table S2: Dihedral angles α, β, γ, ω (in degrees) of
calculated at the B3LYP-GD3BJ/6-311++G(d,p) level for each low-energy conformer of diimine 2c.
Table S3: Steric energies (ESE, kcal mol-1), relative steric energies (ΔESE, kcal mol-1) and percentage
populations (% ΔESE) calculated for low-energy conformers of imine 2c at the molecular mechanics
level. Table S4: Selected crystal data and structure refinement details for 1, 2a – 2f, 2h and 2k. Table S5:
Selected dihedral angles α, β, γ, and ω (in degrees) observed in the crystal structures of compounds
1, 2a–2f, 2h and 2k.
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Abstract: A curious question is whether two types of chiroptical amplifications, called sergeants-and-
soldiers (Ser-Sol) and majority-rule (Maj) effects, between non-charged helical copolymers and non-
charged, non-helical homopolymers occur when copolymer encounter homopolymer in co-colloids.
To address these topics, the present study chose (i) two helical polysilane copolymers (HCPSs)
carrying (S)- or (R)-2-methylbutyl with isobutyl groups as chiral/achiral co-pendants (type I) and (S)-
and (R)-2-methylbutyl groups as chiral/chiral co-pendants (type II) and (ii) two blue luminescent
π-conjugated polymers, poly[(dioctylfluorene)-alt-(trans-vinylene)] (PFV8) and poly(dioctylfluorene)
(PF8). Analyses of circular dichroism (CD) and circularly polarized luminescence (CPL) spectral
datasets of the co-colloids indicated noticeable, chiroptical inversion in the Ser-Sol effect of PFV8/PF8

with type I HCPS. PF8 with type II HCPS showed the anomalous Maj rule with chiroptical inversion
though PFV8 with type II HCPS was the normal Maj effect. The noticeable non-mirror-symmetric
CD-and-CPL characteristics and marked differences in hydrodynamic sizes of these colloids were
assumed to originate from non-mirror-symmetrical main-chain stiffness of HCPSs in dilute toluene
solution. The present chirality/helicity transfer experiments alongside of previous/recent pub-
lications reported by other workers and us allowed to raise the fundamental question; is mirror
symmetry on macroscopic levels in the ground and photoexcited states rigorously conserved?

Keywords: circular dichroism; circularly polarized luminescence; sergeants-and-soldiers; majority-
rule; polysilane; polyfluorenevinylene; polyfluorene; mirror symmetry breaking; parity violation

1. Introduction

Regarding the origin of life on Earth [1–14], in 1920s–1930s, Oparin [15] and Hal-
dane [16] proposed the coacervates hypothesis which states that the cell-wall free particles
comprising organic constituents dispersed in water are a prototype of living cells during
the chemical evolution of life. The coacervates are sphere-like colloids, ranging in size from
1 μm to 100 μm in diameter. Although the “macromolecule” hypothesis proposed in 1920s
by Staudinger was still established in the 1930s, non-charged and charged colloids made
of macromolecules (polymers) appear to not have been well-recognized in those days.
In 1952, Terayama proposed the colloid titration method, in which oppositely charged
polyelectrolytes allow for an instantaneous generation of polyion complexes maintaining a
neutrality of net charges by compensation between polycations and polyanions [17].

Supramolecular chirality induction means that mirror-symmetry-breaking (MSB) in
achiral multiple molecular systems occurs upon non-covalent interactions through molecu-
lar chirality transfer scenarios. Since the times of Frederic Kipping in 1898 (NaClO3 with
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D-sugars) [18], Eligio Perucca in 1919 (triarylmethane dye with D-NaClO3 crystal) [19], and
Paul Pfeiffer in 1932 (labile racemic Zn2+, Cd2+, Ni2+ complexes with L-amino acids) [20],
MSB phenomena have been widely observed in the realms of crystallography, artificial
systems, and naturally occurring systems for over a century. In 2000 and 2004, Borovkov
and Inoue coined the term chirogenesis to account for MSB phenomena observed for
supramolecular chirality induction of achiral bisporphyrins endowed with several chiral
amines and chiral alcohols in solutions [21,22]. MSB plays a key role in providing various
chiroptical functionalities and sensing [21–24]. The generality of chirogenesis unifying
attractive/repulsive intermolecular chirality transfer capability should be widely appli-
cable to binary colloidal polymer systems upon non-covalent interactions by assorting
multiple non-charged, less-polar polymers: e.g., (i) achiral polymer and chiral polymer,
(ii) non-helical polymer and helical polymer, and, more in general (iii) optically inactive
polymer and optically active polymer. Particularly, semi-flexible and rod-like chain-like
polymers reveal marked cooperativity in response to external chemical and physical stimuli
in dilute solutions, aggregates and in the condensed phase.

However, an intimate connection between classical/modern optics and colloids was
not fully understood until recently [25]; colloids work as μm-size resonators that can
boost chiroptical signals by several orders of magnitude. In macroscopic solid-state optics,
mm-/cm-size ball and half-ball lenses are commonly used to efficiently collect incident
light and focus emitted light into other devices. To significantly boost optical signals, one
can obtain optical resonators and/or cavities by tailoring topologically designed devices
like droplets, spheres, truncated spheroids, microdisks, and tori as a fusion of disk and
sphere [26–30], enabling an efficient whispering-gallery mode (WGM) with extremely high
quality (called Q)-factors. The WGM principle covers a broad range of sound waves, guided
surface waves, and various electromagnetic waves like radio, optics, Roentgen, and matter
waves [26–37]. In 2006, a new concept in modern optics was coined—optofluidics—that
combines microfluidics and solid-state optics [38–43]. Designing and fabricating μm-scale
liquid-based optical resonators is possible by: (i) tailoring the refractive index (RI) of the
surrounding fluidic medium, (ii) making an optically smooth solid(liquid)-liquid interfaces
without sub-μm order optical polishing, and (iii) confining mass-less photons in optical
resonators having any topological shape, including liquid-core and/or liquid-clad optical
waveguides [44,45].

The idea of fusion between neutral and charged colloids, coacervates, chirogenesis,
WGM, and optofluidics prompted us to investigate chiroptical characteristics in the ground
and photoexcited states of several μm-size chromophoric and/or luminophoric colloidal
polymers with high RIs, like helical/non-helical σ-conjugated dialkypolysilanes (PSis)
and helical/non-helical π-conjugated dialkylpolyfluorene (PF) derivatives, with help of
surrounding chiral-and-achiral fluidic medium with a tuned lower RI to maximize WGM
effect [25]. These optofluidic colloidal polymers cause resonantly-enhanced chiroptical
signals such as circular dichroism (CD), circularly polarized luminescence (CPL), and CPL
excitation (CPLE) spectral signals. Ultraweak chiroptical signals, in which the degree of
circular polarization (g) is ~10–4 (5 × 10–3%) from several PSis and π-conjugated polymers
at the ground and photoexcited states in homogeneous solutions significantly boosted CD,
CPL, and CPLE signals by three-to-five orders of magnitudes up to g ~ 0.7 (35%) when
colloidal polymers are dispersed in the tuned RI optofluidic medium [25]. These results
encouraged us to further design several μm-sized co-colloids comprising helical/chiral
dialkylpolysilane homopolymers (HPSs) and non-helical/achiral π-conjugated FL-based
polymers as suspension state in the tuned RI optofluidic medium [25]. HPS had efficient
helicity/chirality transfer capability to several FL-based polymers in the co-colloids. Fur-
thermore, the enhanced CD and CPL signal amplitudes from several FL-based polymers
led by HPS almost retained, even after a complete removal of HPS by an HPS-selective
photoscissoring upon 313-nm irradiation for a short period [25].

Semiflexible/rod-like chain-like polymers, π–π stacked supramolecules, and aggre-
gates are known to nonlinearly amplify their chiroptical signals in response to (S)-(R)-
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chirality of internal building blocks and external chemical influences. Green was the first
to report the sergeants-and-soldiers (Ser-Sol) and majority-rule (Maj) effects of chiroptical
spectra using several semi-flexible polyisocyanate copolymers [46–48]. The Ser-Sol effect
stands for the non-linear induction of non-racemic helical structures and chiral organi-
zations endowed with a tiny amount of either chiral pendant chirality or external chiral
guest [46]. The Maj-rule effect refers to the non-linear induction of non-racemic helical
structures and/or chiral organizations led by enantiomerically impure pendant chirality
and/or external chemical constituents [47]. Yashima and Maeda comprehensively demon-
strated the Ser-Sol and Maj-rule effects in a series of single-strand poly(phenylacetylenes)
and poly(diphenylacetylenes)s, and double-strand helical oligomers, that carrying (S)-
or (R)-chiral and achiral pendants in the absence and presence of chiral and achiral
guest molecules in solutions [49–54]. Nagata and Suginome investigated Ser-Sol and
Maj-rule effects of poly(quinoxaline-2,3-diyl) derivatives bearing (S)-/(R)-chiral and achi-
ral pendant chirality [55–57]. Meijer, Palmans, and coworkers studied Ser-Sol and Maj-
rule effects in supramolecular aggregates of substituted polythiophenes, substituted
oligo(phenylenevinylene), and π–π stacks of three-fold symmetrical molecules [58–61]. To
our view, several papers reported incomplete MSB phenomena (namely, one-side MSB)
Ser-Sol effects in a series of only (S)-/achiral co-pendants or (R)-/achiral co-pendants
and one-side Maj effects in a series of only (S)- or (R)-rich co-pendants in the molecular
and polymer systems. Previous reviews two decades ago reported preliminary results
of both-side Ser-Sol and both-side Maj effects of polysilane copolymers with ultrahigh
molecular weights (~106) in isooctane without noting any details [62,63]. A naive ques-
tion that remains to us is whether the both-side Ser-Sol and Maj effects are rigorously
mirror-symmetrical in inhomogeneous systems such as homo-colloids and co-colloids with
π-conjugated polymers dispersed as a suspension in a fluidic medium.

Regarding the origin of biomolecular chirality on Earth, more naive questions are:
(i) why are RNA, RNA, and proteins not simple polymer consisting of a single D-sugar
and L-amino acid though they are regarded as well-designed random copolymers with
controlled sequences, (ii) why RNA and DNA chose five-membered D-furanose, but not
six-membered D-pyranose. A recent work showed that a very specific region of protein
forms a supramolecular complex by recognizing and binding specific DNA [64]. It is
widely known that RNA and DNA are unstable to deep-UV (so-called UV-C)/vacuum-UV
(VUV) light which causes fatal damage to nucleobases and scissoring of C–C/C–O/C–N
single bonds while proteins are considerably stable toward the UV light source [65]. If
UV-C/VUV light is irradiated on a protein-DNA complex, DNA will preferentially degrade,
but proteins might survive. Artificially designed co-colloids comprising photoscissable
polysilane and non-photoscissable FL-polymers are suitable models of the protein-DNA
complex [25,66,67].

By learning the noticeable Ser-Sol and Maj-rule effects in homogenous solutions and
aggregates/colloids as suspension in heterogenous solutions [46–63], an apt question
remains unanswered; whether the Ser-Sol and Maj effects between non-charged helical
polysilane copolymers (HCPS) and non-charged, non-helical/achiral π-conjugated ho-
mopolymers occur when HCPS encounter FL-based homopolymers in the co-colloids in
an RI-tuned, non-charged achiral optofluidic medium, enabling a WGM-driven chiroptical
enhancement in their ground and photoexcited states.

The present work chose: (i) type I HCPS-S and -R bearing (S)- or (R)-2-methylbutyl
and isobutyl groups as co-pendants, (ii) type II HCPS-SR substituted with (S)- and
(R)-2-methylbutyl groups as co-pendants, and (iii) all-trans poly[(9,9-dioctylfluorene-2,7-
vinylene)] (PFV8) [68–70] and poly(9,9-dioctylfluorene) (PF8) [67] as blue-color highly
luminescent polymers by means of CD, CPL, and CPLE spectroscopy (Figure 1). HPS-S
and -R, type I HCPS-S and -R, and type II HCPS-SR with lower molecular weight frac-
tions of number-average molecular weight (Mn) = (5–11) × 104 and narrower polydispersity
index (PDI) = 1.2–2.6 were used (see the Experimental section and Supplemental Informa-
tion (SI), Tables S1–S3). The μm-size co-colloids comprising type I HCPS and PFV8/PF8
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revealed noticeable Ser-Sol effects associated with chiroptical inversion at specific mole
fractions of the chiral pendant. Likewise, the Maj effect of type II HCPS with PFV8/PF8 in
the μm-size co-colloids was obvious. These Ser-Sol and Maj effects in the co-colloids were
synchronized with those from the homo-colloids of types I/II HCPSs. The CD-/CPL-active
PFV8/PF8 endowed with types I/II HCPSs in the co-colloids afforded the corresponding
CD-/CPL-active PFV8 and PF8 homo-colloids by removing HCPSs by the 313-nm Si–Si
bond selective photoscissoring reaction.

Figure 1. Chemical structures of poly[(9,9-di-n-octylfluorene)-alt-(trans-vinylene)] (PFV8),
poly(di-n-octylfluorene) (PF8), poly(n-hexyl-(S)-2-methylbutylsilane (HPS-S), poly(n-hexyl-(R)-2-
methylbutylsilane (HPS-R), poly(n-hexyl-(S)-2-methylbutylsilane)-co-(n-hexyl-isobutylsilane) (type I

HCPS-S), poly(n-hexyl-(R)-2-methylbutylsilane)-co-(n-hexyl-isobutylsilane) (type I HCPS-R), and
poly(n-hexyl-(S)-2-methylbutylsilane)-co-(n-hexyl-(R)-2-methylbutylsilane) (type II HCPS-SR).

2. Results

2.1. Sergeants-and-Soldiers and Majority-Rule of Type I HCPS and Type II HCPS
2.1.1. Sergeants-and-Soldiers of Type I HCPS-S and -R in Isooctane and Homo-Colloids in
CHCl3-MeOH Cosolvents

First, Figure 2a,b show the monosignate, extremely narrow CD along with extremely
narrow UV spectra (full-width-at-half-maximum; 8 nm) at 320–323 nm of type I HCPS-S
(x = 1.00, 0.10, 0.05, and 0.006) and type I HCPS-R (x = 1.00, 0.10, 0.05, and 0.007) dissolved
in a dilute homogeneous isooctane solution ([conc] = 2 × 10–4 M (pathlength 10 mm) at
−5 ◦C, respectively. Clearly, CD and UV spectral profiles of type I HCPS-S copolymers
are almost identical to those of HPS-S (type I HCPS-S, x = 1.00). Likewise, CD and UV
spectral profiles of type I HCPS-R copolymers are almost identical to those of those of
HPS-R (type I HCPS-R, x = 1.00). These CD and UV spectra and the Ser-Sol characteristics
of lower molecular weight (Mn = (5–11) × 104) type I HCPS-S and -R are almost identical
to those of the high molecular weight (type I HCPS-S and -R [62,63]. These unique CD-UV
bands are characteristic of quasi-one-dimensional exciton (e-h pair) confined into rod-like
73-helical dialkylpolysilanes with 0.5-nm width quantum wire [71].
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Figure 2. (a) The representative monosignate CD and UV spectra of medium molecular weight (Mn = (2–4) × 104) type

I HCPS-S (x = 1.00 (black lines), 0.10 (green lines), 0.05 (blue lines), and 0.006 (red lines)) in a dilute isooctane solution
([conc as Si–Si repeating unit] = 2 × 10–4 M (pathlength 10 mm) at −5 ◦C. (b) The representative monosignate CD and
UV spectra of type I HCPS-R (x = 1.00 (black lines), 0.10 (green lines), 0.05 (blue lines), and 0.007 (red lines)) in a dilute
isooctane solution ([conc] = 2 × 10–4 M (pathlength 10 mm) at −5 ◦C. (c) The bisignate couplet-like CD and UV spectra
of type I HCPS-S homo-colloids (x = 1.00, 0.50, 0.25, 0.10. 0.05, 0.02, and 0.006) and -R (x = 1.00, 0.50, 0.25, 0.10. 0.05,
0.02, and 0.007) in CHCl3/MeOH = 2.0/1.0 (v/v). (d) A comparison of the normal and anormal sergeants-and-soldiers
effects in cooperative chiroptical enhancement; the gCD at the first Cotton band (CD extremum: λext) vs. mole fractions of
the (S)-(R) pendant chirality in the non-colloidal type I HCPS-S and -R in isooctane at −5 ◦C (red filled circles) and the
homo-colloidal suspension at 25 ◦C in the cosolvent (blue filled circles). The gCD values of HPS-S and -R homo-colloids
were adopted from Figure 3c. Insets indicated the CD extremum (λext) at the first Cotton band of the colloids. The gCD

values of non-colloidal HPS-S and -R (red filled circles) were taken from Figure 2a,b. The gCD values of ultrahigh molecular
weight (~106) HPS-S and -R, and HCPS-S and -R (red crosses) were adopted from the original datasets [62,63]. (e) Zoom-in
plots of Figure 2d. (f) A comparison of the gCD values at the first Cotton (320–326 nm, right ordinate, blue circles) and second
Cotton (308–312 nm, left ordinate, red circles) bands vs. mole fraction of the (S)-(R) pendant chirality in type I HCPS-S and
-R homo-colloids in the cosolvent at 25 ◦C. (g) Zoom-in plots of Figure 2f. (h) A comparison of two CD extrema (λext) at the
first Cotton band (right ordinate, blue circle) and the second Cotton band (left ordinate, red circles) vs. mole fractions of the
(S)-(R) in type I HCPS-S and -R homo-colloids.
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Figure 3. (a) The monosignate CD and UV spectra of lower molecular weight (Mn = (2–4) × 104) type II HCPS-SR
[(S)/(R) = 1.00/0.00 (thin blue lines) and 0.53/0.47 (thick blue lines)] in a dilute isooctane solution ([conc as Si-Si repeat-
ing unit] = 2 x 10–4 M (pathlength 10 mm) at −5 ◦C. (b) The monosignate CD and UV spectra of type II HCPS-SR
[(S)/(R) = 0.00/1.00 (thin red lines) and 0.47/0.53 (thick red lines)] in the dilute isooctane at −5 ◦C. (c) The changes in
bisignate couplet-like CD and UV spectra of type II HCPS-SR [(S)/(R) = 1.00/0.00, 0.60/0.40, 0.53/0.47, 0.50/0.50, 0.47/0.53,
0.40/0.60, 0.00/1.00] homo-colloids in CHCl3/MeOH = 2.0/1.0 (v/v) vs. (d) A comparison of the majority effects in coopera-
tive chiroptical enhancement; the gCD value (red filled circles) at ~323 nm of type II HCPS-SR in isooctane at −5 ◦C and
the gCD values (blue filled circles) with λext values (as insets) at the first Cotton band of the colloids in the co-solvent at
25 ◦C vs. mole fractions of the (S)-(R) chirality. The gCD values of ultrahigh molecular weight (~106) HCPS-S and -R (red
crosses) were adopted from the original datasets [62,63]. For visibility, (−)- and (+)-numerical data in a right-side ordinate
flips upside down.

Figure 2c shows the CD and UV spectra of type I HCPS-S (x = 0.006–1.00) and -R
(x = 0.007–1.00) homo-colloids vs. mole fractions of the (S)-(R). It is clear that drastic
changes in spectral shape from mono- to bisignate couplet-like CD spectra characteristics
of aggregates [25,72], herein, called homo-colloids, of helical polysilane homo- and copoly-
mers dispersed in poor–good cosolvents. The changes in chiroptical spectra are similar to
those of rod-like helical polysilane homopolymers carrying longer n-decyl/n-dodecyl and
(S)-/(R)-2-methylbutyl achiral/chiral co-pendants [25,72].

Figure 2d,e compares the gCD values vs. mole fractions of the (S)-(R) in the type I

HCPS-S and -R as non-colloid (red filled circles) and homo-colloids (blue filled circles),
associated with the λext value at the first Cotton band (320–326 nm) of the colloids. The
relation of the gCD value–mole fractions of the (S)-(R) in the non-colloidal copolymers shows
a normal-type Ser-Sol effect; a small fraction of the pendant chirality, ~10 mol %, in the
copolymers induces nearly identical helical structures of HPS-S and -R homopolymers. The
Ser-Sol effect of lower molecular weight HPS and type I HCPS (red filled circles) are almost
identical to that of ultrahigh molecular weight (~106) ones (red crosses) [62,63]. Contrary,
the relation of the gCD value–mole fractions of the (S)-(R) in the colloidal copolymers shows
anomaly in the Ser-Sol effects; apparent chiroptical sign inversion occurs between 25 mol %
and 50 mol % of the pendant chirality disregard of (S) and (R). In the fraction of the pendant
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chirality ranging from 0.006 (S) or 0.007 (R) mol % to 25 mol % of the (S)-(R), the gCD value
tends to increase with the mole fractions of the (S)-(R) associated with some fluctuation
behavior. The chiroptical inversion in the Ser-Sol type I HCPS-S/-R homo-colloids are
transferred to PFV8/PF co-colloids with type I HCPS-S/-R, discussed later sections.

Figure 2f,g plots the gCD values at the first and second Cotton bands (λext) vs. mole frac-
tions of the (S)-(R) in type I HCPS-S and -R homo-colloids in CHCl3/MeOH = 2.0/1.0 (v/v)
at 25 ◦C. The CD sign inversion occurs between 25 and 50 mol % fractions of the pendant
chirality regardless of the S-R. The absolute gCD values, |gCD|, vs. mole fractions of the
(S)-(R) are not mirror-symmetrical. The |gCD| values of type I HCPS-S (x = 1.00, 0.50, 0.25)
are large twice compared to those of type I HCPS-R (x = 1.00, 0.50, 0.25).

Figure 2h depicts the λext values at the first and second Cotton bands vs. mole fractions
of the (S)-(R) in type I HCPS-S and -R homo-colloids. The relation of the λext – (S)-(R) mol
fraction is not mirror-symmetrical regardless of the first and second Cotton bands. The
anomalous CD inversion, non-mirror-symmetrical Ser-Sol effect in type I HCPS homo-
colloids is transferred to similar anomalous CD inversion, non-mirror-symmetrical CD
characteristics in PFV8/PF8 co-colloids with type I HCPS-S and -R discussed in later sections.

2.1.2. Majority-Rule of Type II HCPS in Isooctane and Homo-Colloids in
CHCl3-MeOH Cosolvents

Figure 3a,b show the similar extremely narrow CD and extremely narrow UV spectra
of type II HCPS-SR (S/R = 1.00/0.00 (red line) and 0.53/0.47 (blue line)) and type II HCPS-

SR [(S)/(R) = 0.00/1.00 (red line) and 0.47/0.53 (blue line)] in a dilute isooctane solution at
−5 ◦C, respectively. Clearly, CD and UV spectral profiles of type II HCPS-SR copolymer
[(S)/(R) = 0.53/0.47] are almost identical to those of HPS-S. Likewise, CD and UV spectral

profiles of type II HCPS-SR copolymer [(S)/(R) = 0.47/0.53] are almost identical to those
of HPS-R. These CD-UV spectra and Maj characteristics of lower molecular weight type II

HCPS-SR (Mn = (2–4) × 104) are almost identical to those of ultarhigh molecular weight
(Mn = (1–8) × 106) type II HCPS-SR [69,70].

Figure 3c shows the CD and UV spectra of type II HCPS-SR homo-colloids as a function
of mole fraction of chiral pendants [(S)/(R) = 1.00/0.00, 0.60/0.40, 0.53/0.47, 0.50/0.50, 0.47/0.53,
0.40/0.60, 0.00/1.00] in the chiral/chiral co-pendants in CHCl3/MeOH = 2.0/1.0 (v/v) cosol-
vents. Likewise, the changes in spectral shape from monosignate to bisignate couplet-like
CD spectra are characteristics of homo-colloidal helical polysilane homo- and copolymers
in poor-good cosolvents with the tuned nD = 1.407.

Figure 3d compares the gCD values between non-colloid (red filled circles) and colloids
(blue filled circles) as a function of the (S)-(R) mole fraction of pendant chirality in type

II HCPS-SR. The relation of gCD value–mole fraction of the (S)-(R) in the non-colloidal
copolymers shows a clear normal Maj-type cooperativity; ~20 mol %ee of the (S)-(R)
pendant chirality in the copolymers induces nearly identical to helical homopolymers
with 100 mol % pure (S)- and (R)-chirality. This Maj effect of lower molecular weight HPS

and type II HCPS (red filled circles) are almost identical to that of ultrahigh molecular
weight (~106) ones (red crosses) [62,63]. Similarly, the gCD value–mole fractions of the
pendant chirality in the copolymers homo-colloids shows clearly Maj-type cooperativity;
~20 mol %ee in the (S)-(R) pendant chirality in the colloidal copolymers induces nearly
identical helical structure of HPS-S and -R homo-colloids with pure (S)- and (R)-chirality.

The |gCD| values vs. mole fractions of the (S)-(R)-chirality, however, are not mirror-
symmetrical. The |gCD| values of (S)-rich type II HCPS-SR [(S)/(R) = 0.60/0.40, 0.53/0.47]
are large twice compared to those of (R)-rich one [(S)/(R) = 0.40/0.60 and 0.47/0.53]. The
non-mirror-symmetrical Maj effect in type II HCPS-SR homo-colloids are transferred to
non-mirror-symmetrical Maj effects in the co-colloids with PFV8 and PF8 discussed in
later sections.

2.2. Sergeants-and-Soldiers in PFV8 Co-Colloids with Type I HCPS-S and -R

Based on the several parameters optimized experimentally, the CD and UV-visible
spectra of PFV8 co-colloids with HPS-S and -R (1:1 in mole ratio) generated at the opti-
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mized nD of CHCl3/MeOH = 2.0/1.0 (v/v) are given in Figure 4a (see, Experimental section
and SI, Figure S40). Clearly, PFV8 emerges the bisignate couplet-like CD spectra in the
range of 350 nm and 500 nm, that are ascribed to several π–π* bands of PFV8 backbone.
Main-chain helicity and/or pendant chirality of HPS-S induce (−)-sign vibronic CD bands
at 468.0 nm and 435.5 nm with a spacing of 1594 cm–1 at π–π* transitions of PFV8 back-
bone. The 1594-cm–1 spacing is related to aromatic ring and/or vinylic C=C stretching
vibrations. Also, one can be aware of a weaker, broader (+)-sign CD band around 400 nm.
Conversely, HPS-R induce (+)-sign vibronic CD bands at 465.5 nm and 434.0 nm with a
1562 cm–1 spacing associated with a weak, broad (−)-sign CD band around 400 nm. HPS-S
and -R provide nearly mirror-symmetrical couplet-like CD spectral profiles in the range
of 350 nm and 500 nm though the absolute magnitudes of gCD values, |gCD|, at these
bands are inequal and not mirror-symmetrical. It is obscure of which chirality of HPS,
Si–Si main-chain helicity and pendant chirality is a deterministic factor for emerging the
CD-active PFV8 in the co-colloids. Both helicity and pendant chirality are assumed to
contribute collaboratively and non-collaboratively for the generation of CD-active PFV8.

Next, Figure 4b shows the progressive changes in the couplet-like CD associated with
UV-visible spectra of PFV8 co-colloids with type I HCPS-S and -R varying mole fractions
of the (S)-(R). For clarity, Figure 4c shows their zoom-in CD and UV-visible spectra of the
PFV8 co-colloids to highlight the chiroptical properties of PFV8. Likewise, the changes in
monosignate CD spectral shape to bisignate couplet-like one associated with characteristics
of type I HCPS homo-colloids is obvious.

Figure 4d,e plot the gCD values at 325 nm of type I HCPS (blue circles) and at ~460 nm
of PFV8 (red circles), respectively, vs. mole fractions of the (S)-(R). Obviously, the gCD
characteristics of PFV8 in the co-colloids are similar to those of type I HCPS in the co-
colloids. The relation between the gCD values (PFV8) and mole fractions of the (S)-(R) shows
the similar anomaly in the Ser-Sol effects of type I HCPS homo-colloids (Figure 2d,e); an
apparent CD sign inversion occurs between 25 mol % and 50 mol % mole fractions of the
(S)-(R). The CD signal characteristics of PFV8 endowed with type I HCPS and HPS are
synchronized with the nature of main-chain helicity and/or pendant chirality of type I

HCPS and HPS.
From Figure 4f, PFV8 unexpectedly reveals bisignate, vibronic CPL spectral bands

excited at 350 nm; (+)-CPL at 480.0 nm and 502.0 nm associated with (−)-CPL at 464.0 nm
on application of HCPS-S (x = 0.10) and (−)-CPL at 479.5 nm and 508.0 nm associated
with (+)-CPL at 460.5 nm on application of HCPS-R (x = 0.10). For comparison, PFV8

reveals the opposite bisignate, vibronic CPL spectra excited at 350 nm when HPS-S and
-R are employed; (+)-CPL at 480.0 nm and 502.0 nm associated with (−)-CPL at 464.0 nm
on application of HPS-S and (−)-CPL at 482.0 nm and 504.5 nm associated with (+)-CPL
at 464.0 nm on application of HPS-R. The chiroptical inversion in CPL spectra is directly
connected to that in CD spectral characteristics.

The CPLE spectra of PFV8 by monitoring both (+)- and (−)-CPL signals allow to
verify the origin of the bisignate CPL spectra (Figure 4g,h). This technique are applied to
optically active colloidal polymers and molecular (1S)-(–)-/(1R)-(+)-camphor that reveal
bisignate CPL bands [25]. Type I HCPS-S (x = 0.10) revealed the bisignate CPLE spectral
characteristics. A broad (+)-CPLE band (blue line) at 450 nm is detected in the range of
300 nm and 470 nm by monitoring at 500 nm of CPL band, conversely, a broad (−)-CPLE
band (red line) in the range of 300 nm and 420 nm is evident by monitoring CPL band
at 480 nm. Likewise, a broad (−)-CPLE bands (blue and green lines) at 420–450 nm in
the range of 300 nm and 470 nm is seen by monitoring CPL bands at 480 nm and 500 nm,
conversely, a broad (+)-CPLE spectrum (red line) in the range of 300 nm and 430 nm can
be seen by monitoring CPL band at 462 nm. From the bisignate CPLE characteristics,
PFV8 main-chain in the co-colloid revealing the bisignate CPL signals excited at 350 nm
originates from the bisignate couplet-like CD bands (~400 nm/~420 nm and ~460 nm).
Twisting stacking structures of PFV8 are responsible for the couplet-like CD bands. These
CPLE and PLE spectroscopic datasets led to conclude that type I HCPS-S and -R do not
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contribute directly to these CPL and PL spectra in the 350 nm and 500 nm because of no
CPL and PL spectra characteristic of the Si–Si backbone ranging from 250 nm and 350 nm.

Figure 4. (a) The CD and UV-visible spectra of PFV8 co-colloids with HPS-S (blue lines) and -R (red lines) (1:1 mole ratio)
in CHCl3/MeOH = 2.0/1.0 (v/v). (b) The changes in the CD and UV-visible spectra of PFV8 co-colloids with type I HCPS-S
homo-colloids (x = 1.00, 0.50, 0.25, 0.10. 0.05, 0.02, and 0.006) and -R (x = 1.00, 0.50, 0.25, 0.10. 0.05, 0.02, and 0.007) (1:1 mole
ratio) in the co-solvent at 25 ◦C and (c) the corresponding zoon-in spectra of PFV8 co-colloids. (d) The gCD values of PFV8

at 460–468 nm (right ordinate, filled circles) and type I HCPS-S and -R at 320–324 nm (left ordinate, red circles) vs. mole
fractions of the (S)-(R). (e) Zoom-in plot of Figure 4d. (f) The inversion CPL associated with the corresponding PL spectra
excited at 350 nm of PFV8 co-colloids with HPS-S (thin blue lines) and -R (thin red lines) and type I HCPS-S (x = 0.10, thick
blue lines) and -R (x = 0.10, thick red lines) in the co-solvent. (g) The CPLE and PLE spectra monitored at 465 nm (red lines)
and 500 nm (blue lines) of PFV8 co-colloids with type I HCPS-S (x = 0.10) in the co-solvent. (h) The CPLE and PLE spectra
monitored at 462 nm (red lines), 480 nm (blue lines), and 510 nm (green lines) of type I HCPS-R (x = 0.10) in the co-solvent.
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Yet, it remains obscure which the main-chain helicity or pendant chirality is respon-
sible for the CD/CPL inducibility to PFV8. Type I HCPS is assumed to non-covalently
interact with PFV8, allowing for generating helical/chiral organizations that emerge CPL
and CD signals characteristic at π–π* transitions of PFV8.

2.3. Majority-Rule in PFV8 Co-Colloids with Type II HCPS

The synchronized Ser-Sol characteristics of PFV8 co-colloids endowed with type I

HCPS-S and -R prompted us to further investigate the Maj characteristics of PFV8 co-
colloids with type II HCPS-SR. Figure 5a displays the CD and UV-visible spectra of PFV8

co-colloids with type II HCPS-SR (1:1 in mole ratio) generated at the same optimized
nD of the CHCl3/MeOH = 2.0/1.0 (v/v). Clearly, PFV8 emerges the bisignate couplet-
like CD spectra in the range of 350 nm and 500 nm, ascribed to several π–π∗ transitions
of PFV8. Main-chain helicity and/or pendant chirality of type II HCPS-SR can induce
(+)-sign vibronic CD bands at 468.0 nm and 435.5 nm with a spacing of 1410 cm–1 at the
corresponding π–π* transitions of PFV8 associated with a weaker, broader (−)-CD band at
~ 390 nm when a fraction of (S)-chirality is over (R)-one. The 1410-cm–1 spacing is related
to aromatic ring and/or vinylic C=C stretching vibrations. Likewise, HPS-R induces (−)-
vibronic CD bands at 467.0 nm and 437.0 nm with a 1470 cm–1 spacing associated with a
weaker, broader (+)-CD band at ~390 nm when a mole fraction of (R)-chirality is excess
over (S)-one. Either the main-chain helicity or excess chirality in the pendants and/or both
collaboratively contribute to generate the CD active PFV8.

Figure 5. (a) The changes in the CD and UV-visible spectra of PFV8 co-colloids with type II HCPS-SR
[(S)/(R) = 1.00/0.00, 0.60/0.40, 0.53/0.47, 0.50/0.50, 0.47/0.53, 0.40/0.60, 0.00/1.00] (1:1 mole ratio)
vs. mole fractions of the (S)-(R) at 25 ◦C in CHCl3/MeOH = 2.0/1.0 (v/v). (b) The corresponding gCD

values at 322–325 nm for type II HCPS-SR (left ordinate, red circles) and at 464–468 nm for PFV8

(right ordinate, blue circles), respectively, mole fractions of the (S)-(R). (c) The changes in the CPL
and PL spectra excited at 350 nm of PFV8 co-colloids with type II HCPS-SR (1:1 mole ratio) in the
co-solvent. (d) The corresponding gCPL value at 474–483 nm of PFV8 co-colloids (right ordinate, blue
circles) and the gCD value at 322–325 nm of type II HCPS (left ordinate, red circles) in the co-colloids,
respectively, vs. mole fractions of the (S)-(R).

Figure 5b plots the gCD values at ~460 nm of PFV8 (blue circles) and at 325 nm of type

II HCPS-RS (red circles), respectively, in the co-colloids as a function of mole fraction of
the (S)-(R). It is obvious that a weak non-linear Maj effect of PFV8 is synchronized with
the weak non-linear Maj effect of type II HCPS-RS in the co-colloids. These non-linear
Maj effects in the co-colloids is almost similar to those of type II HCPS homo-colloids
(Figure 3d). The Maj-rule of PFV8 is synchronized with those of type II HCPS-RS. An ee
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of the (S)-(R) pendant chirality cooperativity determines the CD characteristics of PFV8

and type II HCPS-RS in the co-colloids.
Figure 5c displays the changes in the CPL spectra associated with the corresponding

PL spectra excited at 350 nm of the co-colloids vs. mole fractions of the (S)-(R). The absolute
magnitude in the couplet-like CPL bands at ~460 nm and ~480 nm increases when the
relative mole fractions of the (S)-(R) increases or decreases.

Figure 5d plots the gCPL values at 460 nm of PFV8 (blue circles) in the co-colloids
and the gCD value at 325 nm of type II HCPS-RS (red circles) vs. the mole fractions of the
(S)-(R). The Maj-rule of the gCPL (PFV8) vs. mole fractions of the (S)-(R) is similar to that
of type II HCPS-RS in the co-colloids. The absolute magnitudes of gCPL, |gCPL|, of PFV8

between (R)/(S) = 1.00/0.00 and 0.00/1.00 and between (R)/(S) = 0.60/0.40 and 0.40/0.60
significantly differ from each other. The gCPL values tend to shift largely toward (−)-values
in all the (S)-(R).

The main-chain helicity and/or pendant chirality of type II HCPS-RS are non-covalently
interacted with PFV8 in the co-colloids, allowing for generating chiral and/or helical struc-
tures responsible for these CPL and CD signals characteristic at π–π* transitions of PFV8.
Noticeable non-mirror-symmetrical Maj effects in the ground and photoexcited states of
PFV8 co-colloids with type II HCPS-RS are obvious.

2.4. Retention in CD and CPL Signals of PFV8 Co-Colloids with Type I HCPS and Type II
HCPS by Si–Si Bond Selective Photolysis

A question remains unanswered whether CD and CPL signals of PFV8 with types

I HCPS-S and -R disappear or are retained when the HCPSs are completely taken away
from the co-colloids.

In the previous paper, the 313-nm photolysis allows for the efficient Si–Si bond se-
lective scissoring of HPS-S and -R in the co-colloids with several π-conjugated poly-
mers [25,67]; the resulting CD and CPL spectral magnitudes of the π-conjugated polymers
almost retained after a complete removal of HPS-S and -R by the 313-nm photolysis [25,67];
any decomposition and alteration of PFV8 and PF8 did not occur. The 313-nm Si–Si bond se-
lective photolysis offered the CD-/CPL-active PFV8 homo-colloids from PFV8 co-colloids
with types I/II HCPSs.

Figure 6a,b depicts the CD and UV-visible spectra of PFV8 co-colloid with HPS-S
and -R before and after irradiation of the 313-nm light source (20 μW cm–2 for 10 s) in the
1-cm pathlength quartz cuvette under a gentle stirring with a magnetic stir bar. Clearly,
after the 313-nm irradiation, the CD and UV-visible signals of PFV8 generated by HPS-S
considerably retains, conversely, the CD signals of PFV8 endowed with HPS-R significantly
diminish though UV-visible spectra are nearly unchanged. Although CD and UV bands in
the range of 280 and 330 nm due to Si–Si bonds of HPS-S and -R completely disappeared,
the scaffolding capability of HPS-S is efficient, but HPS-R appears inefficient.

Figure 6c compares the CPL and PL spectra excited at 350 nm of PFV8 co-colloid
with HPS-S before and after the 313-nm photolysis (20 μW cm–2 for 10 s). The CPL and
PL signals of PFV8 considerably retains even after the photolysis. Figure 6d shows the
changes in the CPL and PL spectra excited at 350 nm of the PFV8 co-colloids with type

I HCPS-S (x = 0.10) and -R (x = 0.10) before and after the 313-nm photolysis. Disregard
of the (S)-(R), the absolute CPL magnitudes of PFV8 diminishes by one-third upon the
photolysis. On the other hand, from Figure 6e, the degree of changes in CPL and PL spectra
of PFV8 co-colloids with type II HCPS-SR [(R)/(S) = 0.60/0.40 and 0.40/0.60] is nearly
unchanged regardless of the (S)-(R).
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Figure 6. (a) The change in the CD and UV-visible spectra of PFV8 co-colloids with HPS-S
(1:1 mole ratio) before (thin blue lines) and after (thick blue lines) the 313-nm photolysis in
CHCl3/MeOH = 2.0/1.0. (b) The change in the CD and UV-visible spectra of PFV8 co-colloids
with HPS-R (1:1 mole ratio) before (thin red lines) and after (thick red lines) the 313-nm photolysis
in the co-solvent. (c) The changes in the CPL and PL spectra excited at 350 nm of PFV8 co-colloids
with HPS-S (1:1 mole ratio) before (thin blue lines) and after (thick blue lines) the 313-nm photolysis.
(d) The changes in the CPL and PL spectra excited at 350 nm of PFV8 co-colloids with type I HCPS-S
(S = 0.10, blue lines) and -R (R = 0.10, red lines) (1:1 mole ratio) before (thin lines) and after (thick
lines) the 313 nm photolysis. (e) The changes in the CPL and PL spectra of PFV8 co-colloids with
type II HCPS-SR [(S)/(R) = 0.40/0.60 (red lines) and 0.60/0.40 (blue lines)] before (thin lines) and
after (thick lines) the 313-nm photolysis.

The particle diameter (DH) of the co-colloids as a suspension state may teach us the
changes in the colloidal sizes before and after the 313-nm photolysis. According to dynamic
light scattering (DLS) measurements and analysis before the 313-nm photolysis, the DH
value of PFV8-HPS-S co-colloids in CHCl3/MeOH = 2.0/1.0 (v/v) ranges from 288 nm and
513 nm, suggesting they maintain an almost constant value which fluctuates weakly with
time (SI, Figure S32). On the other hand, the DH value of PFV8-HPS-R co-colloids ranges
from 2924 nm and 4277 nm, that is larger by the one-order of magnitude compared to those
of the PFV8-HPS-S co-colloids while maintaining these sizes with time (SI, Figure S34).
For comparison, the DH value of PFV8-HCPS-SR [(S)/(R) = 0.50/0.50] co-colloids ranges
from 539 nm and 735 nm (SI, Figure S36), close to that of PFV8-HPS-S co-colloids.

After the 313-nm photolysis, the DH value of the PFV8-HPS-S co-colloids ranges
from 513 nm and 1160 nm and tends to increase by several fold while fluctuating with
time (SI, Figure S33). The marked increase in the DH value may be ascribed to Ostwald
ripening [73,74]. On the other hand, the DH value of the PFV-HPS-R co-colloid, ranging
from 1709 nm and 2236 nm (513 nm is exceptional), considerably decrease after the 313-nm
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photolysis while the DH values are weakly fluctuating with time (SI, Figure S35). The
decrease in the DH value may arise from a reverse Ostwald ripening [75–77].

A further statistical analysis of these DH values (n = 10 measurements) (SI, Figures S32–S35)
suggests that: (i) before the 313-nm photolysis, for PFV8 with HPS-S, DH = 321 nm ± 22 nm
(standard error (SE)), for PFV8 with HPS-R, DH = 3629 nm ± 137 nm (SE), and for PFV8

with HCPS-SR, DH = 615 nm ± 18 nm (SE); (ii) after the photolysis, for PFV8 with HPS-S,
DH = 907 nm ± 68 nm (SE) and for PFV8 with HPS-R, DH = 304 nm ± 24 nm (SE). Before
the photolysis, the mean size of PFV8 co-colloids with HPS-R is larger by approximately
11.3 times compared to that of PFV8 co-colloids with HPS-S. The relative ratio in the DH
values of PFV8/HPS-R to PFV8/HPS-S corresponds to ~1440 by a volume ratio. Conversely,
after the photolysis, the mean sizes of the former decreases by one-thirds relative to the
latter, meaning that a relative volume ratio of PFV8 homo-colloid led by HPS-R to PFV8

homo-colloid led by HPS-S becomes small by ~27 times.
The noticeable differences in the DH values and relative volume ratio between the

(S)-(R) may be connected to the significant differences in the viscosity index, α value, of
non-colloids between the (S)-(R) in dilute toluene and the non-mirror-symmetrical CD
and CPL spectral characteristics of PFV8 co-colloids with types I/II HCPSs between the
(S)-(R) pendant chirality. A series of the 313-nm photolysis experiments of PFV8 co-colloids
with HPS-S, -R, type I HCPS-S and -R, and type II HCPS-RS led to propose that the
mole fractions of the (S)-(R) appear crucial rather than Si–Si main-chain helicity to induce
CD-/CPL-activity to PFV8 in the co-colloids.

2.5. Sergeants-and-Soldiers in PF8 Co-Colloids with Type I HCPS

After optimizing the several parameters experimentally by choosing poor and good
solvents [67], the changes in CD and UV-visible spectra of PF8 co-colloids with HPS-S and
-R (1:2 in mole ratio) generated at MeOH-toluene cosolvent (1.5/1.5 (v/v)) with the tuned
nD = 1.415 were discussed.

From Figure 7a, HPS-S and -R in the PF8 co-colloids clearly reveal bisignate, couplet-
like CD signals at the Siσ–Siσ* transitions, similar to the HPS-S and -R co-colloids with
PFV8, and the HPS-S and -R homo-colloids. From Figure 7b, PF8 co-colloids with HPS-S
and -R clearly reveal multiple couplet-like CD signals in the range of 350 nm and 450 nm,
originating from different π–π stacks, β-phase (~430 nm) and α-phase (~400 nm), of
PF8, [67,78–80]. These results prompted to measure the CD and UV-visible spectra of
PF8 co-colloids with type I HCPS-S and -R (1:2 in mole ratio) at the same MeOH-toluene
cosolvents (1.5/1.5 (v/v)) (Figure 7c).

Figure 7c–e highlight the changes in CD and UV-visible spectra of PF8 co-colloids
with type I HCPS-S and -R, respectively, varying mole fractions of the (S)-(R). Clearly, the
CD magnitudes and their CD signs of PF8 largely depend on the mole fractions of the
(S)-(R). Their CD spectral characteristics of type I HCPS-S and -R in the co-colloids are
almost identical to those of PF8 co-colloids with type I HCPS-S and -R homo-colloids.

Figure 7f,g displays the gCD values at 399–401 nm (α-phase) of PF8 and at 320–322 nm
(the first Cotton band) of type I HCPS in the co-colloids as a function of mole fraction of
the (S)-(R). We note that the |gCD| values between PF8 and type I HCPS in the co-colloids
are very different (by one-order of the magnitude). A relation of the gCD (PF8)–mole
fraction of the (S)-(R) is almost similar to that of gCD (type I HCPS)–mole fraction of
the (S)-(R). The mole fractions of the (S)-(R) in type I HCPS are intimately connected to
generation of the CD-active PF8. Likewise, the anormal Ser-Sol effects in the relation of
gCD (PF8)–mole fraction of the (S)-(R) is evident. The chiroptical sign inversion in the
gCD value of PF8 occurs at (S) ~ 50 mol % and (R) ~ 50 mol % though the |gCD| value
at (R) = 50 mol % largely diminishes. The anormal Ser-Sol effects with sign inversion and
marked non-mirror-symmetry in the relation of gCD (PFV8)–mole fraction of the (S)-(R)
are obvious.

Figure 7h shows the comparisons of the CPL and PL spectra excited at 370 nm of
PF8 co-colloids with HPS-S, -R and type I HCPS-S (x = 0.10), and -R (x = 0.10) in the
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cosolvents. PF8 with HPS-S reveals (−)-CPL signal originating from β-phase (not α-phase)
of PF8, conversely, with type I HCPS-S (x = 0.10) reveals the opposite sign, (+)-CPL signal.
Likewise, PF8 with HPS-R and HCPS-R (x = 0.10) reveals β-phase-origin (+)-and (−)-CPL
signals, respectively. Regardless of the same (S)-(R)-chirality, the sign inversions in CPL
and CD signals between PF8 co-colloids with HPS-S and type I HCPS-S (x = 0.10) may
arise from the same origin.

Figure 7. Cont.
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Figure 7. (a) The CD and UV-visible spectra of PF8 co-colloids with HPS-S (blue lines) and -R (red line) in 1:1 mole ratio at
25 ◦C in MeOH-toluene cosolvent (1.5/1.5 (v/v)). (b) Their zoom-in CD and UV-visible spectra of PF8 region. (c) The CD and
UV-visible spectra of PF8 co-colloids with type I HCPS-S (blue lines) and -R (red lines) (1:1 mole ratio) vs. mole fractions of
the (S)-(R) in the cosolvent. (d,e) Their zoom-in CD and UV-visible spectra of type I HCPS-S and -R and PF8, respectively
(f) The gCD values at 399–401 nm (α-phase) of PF8 (right ordinate, blue circles) and the gCD values at 320–322 nm of type I

HCPS-S and -R (left ordinate, red circles) vs. mole fractions of the (S)-(R) and (g) their zoom-in plots. (h) Comparisons
of the CPL and PL spectra excited at 370 nm of PF8 co-colloids with HPS-S (dotted blue lines), -R (dotted red lines), type

I HCPS-S (10%, solid blue lines), and -R (10%, solid red lines) (1:1 mole ratio) in the cosolvent. (i) The changes in CD
and UV-visible spectra of PF8 co-colloids with type I HCPS-S (10%, blue lines) and -R (10%, red lines) (1:1 mole ratio)
before (thin lines) and after (thick lines) the 313-nm photolysis for 600 s. (j) The zoom-in CD and UV-visible spectra of PF8.
(k) Comparison of the CPL and PL spectra excited at 370 nm of PF8 co-colloids with HPS-S (blue lines) and -R (red lines)
(1:1 mole ratio) before (thin lines) and after (thick lines) the 313-nm photolysis for 600 s. (l) Comparison of the CPL and PL
spectra excited at 370 nm of PF8 co-colloids with type I HCPS-S (10%, blue lines) and -R (10 %, red lines) (1:1 mole ratio)
before (thin lines) and after (thick lines) the 313-nm photolysis for 600 s. The plots in Figure 7a,b,h (PF8 with HPS-S and -R),
and Figure 7k are re-organized from the original datasets [67].

Upon application of 313-nm photolysis (14 μWcm–2, 600 s) in PF8 co-colloids with
HPS-S and -R, the CPL signals of PF8 diminish by two-third relative to the original ones
(Figure 7k) [67]. However, the CD and CPL signals of PF8 with type I HCPS-S (x = 0.10)
and -R (x = 0.10) slightly diminish by 20–30% after the 313-nm photolysis, regardless of
the (S)-(R) nature (Figure 7i,j,l). The anormal Ser-Sol effects of PF8 co-colloids with type I

HCPS-S and -R are similar to the anormal Ser-Sol effects of PFV8 co-colloids with type I

HCPS-S and -R, and type I HCPS-S and -R homo-colloids. The CPL and CPL signals of
PF8 with the (S)-(R) considerably retain even after the 313-nm photolysis.

2.6. Majority Rule in PF8 Co-Colloids with Type II HCPS

The CD and UV-visible spectra of PF8 co-colloids with type II HCPS-SR with 1:2 in
mole ratio in the MeOH-toluene (1.5/1.5 (v/v)) cosolvents with nD ~ 1.415 are given in
Figure 8a. HPS-S and -R in the co-colloids reveal the similar bisignate, couplet-like CD
signals at the Siσ–Siσ* transitions. From Figure 8b, PF8 in the co-colloids reveal the similar
multiple couplet-like CD signals in the range of 350 nm and 450 nm originated from the α-
and β-phases of PF8.
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Figure 8. (a) The change in the CD and UV-visible spectra of co-colloids comprising PF8 and type II HCPS-SR
[(S)/(R) = 0.60/0.40, 0.53/0.47, 0.50/0.50, 0.47/0.53, 0.40/0.60] (2:1 in mole ratio) vs. mole fractions of the (S)-(R) in
MeOH-CHCl3 cosolvents (1/2, v/v). (b) Their zoom-in CD and UV-visible spectra. (c) The gCD values (right ordinate, blue
circles) at 399–401 nm (α-phase) of PF8 and gCD value (left ordinate, red circles) at 321–322 nm of type II HCPS-SR in
the co-colloids vs. mole fractions of the (S)-(R). The data [(S)/(R) = 1.00/0.00 and 0.00/1.00] in Figure 8a are taken from
Figure 7b,c. (d) The CPL and PL spectra of PF8 co-colloids with type II HCPS-SR [(S)/(R) = 0.40/0.60 (red lines), 0.50/0.50
(black lines), and 0.60/0.40 (blue lines)].

Figure 8c plots the gCD values at 399–401 nm (α-phase) of PF8 and at 321–322 nm
(the first Cotton band) of type II HCPS in the co-colloids vs. mole fractions of the (S)-(R),
respectively. The |gCD| values between PF8 and type II HCPS in the co-colloids differ
by 5–6 times. From the relation of the gCD (PF8)–mole fractions of the (S)-(R), an anormal
Maj-rule associated with sign-inversion between (S)/(R) = 0.60/0.40 and 1.00/0.00 and
between (S)/(R) = 0.00/0.60 and 0.00/1.00 are occurring. The sign-inversion Maj-rule
effect differs from that of PFV8 co-colloids with type II HCPS co-colloids and type II

HCPS homo-colloids. The mole fractions of the (S)-(R) in type II HCPS are connected to
generation of the CD-active PF8.

Figure 8d compares the three CPL and PL spectral sets of PF8 co-colloids with type

II HCPS-SR (1:2 in mole ratio) with (S)/(R) = 0.40/0.60, 0.50/0.50, 0.60/0.40 in the co-
solvent. The CPL spectral magnitudes of PF8–HCPS-SR with (S)/(R) = 0.40/0.60 are
almost double relative to those of PF8–HCPS-SR with (S)/(R) = 0.60/0.40 while the CPL
spectral magnitudes of PF8–HCPS-SR with (S)/(R) = 0.50/0.50 is not obvious. Thus, PF8

co-colloids with type II HCPS-SR show the anomalous Maj effects associated with sign
inversion by the analysis of the CD and CPL spectra.

3. Discussion

3.1. Main-Chain Rigidity of HPS-S, HPS-R, HPS-IB, Type I HCPS, and Type II HCPS
in Solution

Molecular physicists have been theoretically investigated for the possibility of parity-
violation at molecular levels, called molecular parity-violation (MPV) [81–87]. The MPV
hypothesis claims one-handed MSB because weak neutral current mediated by massive
Z0 boson exists universally against a cosmic microwave background radiation of 2.73 K
regardless of terrestrial and extraterrestrial origin. Most theories invoke that the degree
of MPV is on the order of 10–8–10–14 kcal mol–1 for realistic and hypothetical molecules.
Researchers interested in the MPV hypothesis often require experimentalists to show clear
evidence by measuring such the ultra-tiny differences as the energy scales of enantiomeri-
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cally pure vaporizable molecular pairs in a collision free, vacuum condition (of the order of
~0.1 Pa), if possible, at cryogenic temperatures [86–89]. When the MPV hypothesis is valid,
the enantiomers are no longer enantiomers and should be called diastereomers due to in-
herent energy inequality. Only enantiopure D-/L-oligomers with equal length, enantiopure
D-/L-macromolecules with equal length, and right-hand (plus, P)- and left-hand (minus,
M) macromolecular helices with equal length are candidates to prove the MPV hypothesis
although such high molecular mass substances cannot be vaporizable and decompose
thermally at elevate temperatures.

Alternatively, macroscopic parity-violation (macro-PV) is considerably recognized
as another parity-violation effects observable experimentally. The macro-PV indicates
apparent mirror symmetry breaking at highly collision conditions; e.g.: (i) molecules,
oligomers, supramolecules, and polymers dissolved in solutions, (ii) micelles, colloids, and
aggregates as suspensions in liquids, (iii) gel states, and (iv) single crystals and polycrystals,
time-dependent asymmetric synthetic reactions, and so on [90–99]. However, because
macro-PV effects are often susceptible to enantiopurity of the (S)-(R) [95] and/or a low
level of putative impurities [94,97], molecular physicists rigorously distinguish between
MPV and macro-PV effects; the macro-PV is not direct evidence of one-handed mirror
symmetry at molecular level, meaning a handed chirogenesis [87].

Nevertheless, a pair of enantiomerically pure oligomers with the same sequences and
equal lengths in pure solvents is feasible to experimentally validate the MPV hypothesis.
In 2006, Shinitzky, Scolnik, and coworkers experimentally showed macro-PV effects in
phase transition characteristics between D- and L-glutamic acid oligomers building up
of 24 residues in water by means of precision isothermal titration calorimetry and CD
spectroscopy [94]. The detectable differences in the physicochemical properties between
the D-L oligopeptides were connected to the origin of L-amino acids, not D-amino acids, in
water on Earth.

On the other hand, synthetic chiral/helical polymers are not ideal chiral macro-
molecules with equal lengths to test MPV and macro-PV hypotheses. Most of all D-
/L-chiral and/or P-/M-helical polymers are obtained as a mixture of various molecular
weights. To overcome this drawback, one can compare several physicochemical charac-
teristics between P-M-helical main-chains and/or between (R)-(S)-chirality as side-chains
in solutions at specific temperatures using a narrow polydisperse specimens with similar
molecular weights. Among several physicochemical methods achievable in ordinary lab-
oratories, the viscometric data of chain-like polymers in dilute solutions as a function of
molecular weights at specific temperatures and specific eluents by gel permeation chro-
matography (GPC), called GPC-VISCO, is one of the established reliable methodologies.
GPC-VISCO data could support subtle differences in chiroptical properties of non-colloids
in dilute solutions. The GPC-VISCO measurement allows for feasible approach to test
the macro-PV and MPV hypotheses at individual macromolecular chain level. Because
chromatographic grade pure solvents as achiral eluents can be used, the molecularly iso-
lated chiral polymer chains under a forced flow condition are interacted only with achiral
eluents like toluene and tetrahydrofuran.

The GPC-VISCO measurement provides dimensionality for a wide range of chain-
like polymers in dilute solutions. The viscosity index (α) of the Kuhn-Mark-Houwink-
Sakurada plots, [η] = κ·Mα, tells the degree of chain coiling for chain-like polymer at a
given condition, where [η] is an intrinsic viscosity at [conc]→0, M is absolute molecular
mass, κ is a constant [100–103]. The raw viscometric plots showing α values as slopes
of HPS-S, -R, -IB, type I HCPS-S and -R, and type II HCPS-SR in toluene at 70 ◦C are
given in SI, Figures S9–S28. Additionally, TRC measured viscosity indices of two helical
polymers possessing D- and L-chiral centers in the main chains, poly-γ-benzyl-L-glutamate
(PBLG) and poly-γ-benzyl-D-glutamate (PBDG) (SI, Figures S29, S30) to verify reliability
of differences in the intrinsic viscosity indices of our polysilanes. The viscosity indices of
PBLG and PBDG in 0.05 M LiCl, DMF at 30 ◦C are 0.54 and 0.56, respectively, and nearly
identical (SI, Figure S31).
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Figure 9a plots the α value of HPS-S, -R, -IB, and type I HCPS-S and R as a function of
mole fraction of the (S)-®. Likewise, Figure 9b is the α value of HPS-S and -R, and type II

HCPS-SR as a function of mole fraction of the (S)-®. Evidently, all these polysilanes reveal
high α values ranging from 0.96 and 1.81 and adopt rod-like or semi-flexible conformations
in dilute toluene solutions. For example, a persistence length (q) of HPS-S with α = 1.24 in
isooctane was evaluated to be 85 nm [97,98]. This higher q value corresponds to Kuhn’s
segment length (lK) of 170 nm.

Figure 9. The observed viscosity index (α) in toluene at 70 ◦C from the Kuhn-Mark-Houwink-
Sakurada plots; [η] = κ·Mα, where [η] is the intrinsic viscosity, M the absolute molecular mass, and
κ the constant. (a) Type I HCPS-S (blue circles) and-R (red circles) including HPS-S (blue circle,
α = 1.24), -R (red circle, α = 1.52), and -IB (black square, α = 1.62) vs. mole fractions of the (S)-(R).
(b) Type II HCPS-SR including HPS-S and -R vs. mole fractions of the (S)-(R). All data were adapted
from SI, Figures S9–S28. The original α values and raw viscometric datasets of HPS-S and -R in
toluene at 70 ◦C were disclosed in ref. [67]. The present paper first disclosed the raw viscometric
datasets of type I HCPS and type II HCPS-SR. In 1990s, two research staffs without any foresight
and scientific bias at Toray Research Center Co. (TRC, Shiga, Japan) obtained raw viscometric datasets
in a series of P- and M-helical polysilane homo- and copolymers (SI, Figure S9–S28), carrying two (S)-
(R) pendant pairs synthesized from 2-methylbutanol [(S) = 99.5 %ee and (R) = 100.0 %ee] [67,92]
and 3,7-dimethyloctanol [(S) = 95.9 %ee and (R) = 95.7 %ee] [99], by the analysis of chiral gas-
chromatography at TRC). These polysilanes were prepared by MF at NTT. Several researchers and
MF at NTT in 1990s, who read their fact-base official reports, knew that the non-mirror-symmetrical
CD and CPL spectra in solutions, as a colloidal suspension, and thin solid film are connected to
the significant non-mirror-symmetric viscometric characteristics. The research team shared these
facts due to unresolved reasons. MF reported the non-mirror-symmetrical viscometry, NMR spectra,
and temperature-dependent UV/CD spectra of helix-helix and non-helix-helix transition polysilane
homopolymers, that are connected to MPV hypothesis based on the Salam’s scenario [92,99].

From Figure 9a, one can be aware of the marked differences in the α-value vs. mole
fractions of the (S)-(R) in type I HCPS. When a mole fraction of the (R) form increases
from 0.007 to 0.25, the α value in type I HCPS tends to considerably decrease from 1.51 to
0.96, implicating marked shortening the q and lK values. When a mole fraction of the (R)
further increases to 0.50 and 1.00, the high α values of 0.76 and 1.81 suggest higher q and lK
values. Conversely, when mole fractions of the (S) increase from 0.006 to 1.00, the α value
monotonously decreases from 1.60 to 1.24, suggesting gradual shortening q and lK values.

Similarly, Figure 9b shows the marked differences in the α values vs. mole fractions
of the (S)-(R) in type II HCPS. When a mole fraction of the (S) ranges from 1.00 and 0.50,
the α value has an almost constant value of 1.24–1.35, therefore, the q and lK values are
nearly unchanged. On the other hand, when a mole fraction of the (R) form changes from
1.00 to 0.53, the α value increases from 1.52 to 1.76. The (R)-rich type II HCPS tends to
adopt higher q and lK values compared to the (S)-rich type II HCPS. The α value of type

II HCPS [(S)/(R) = 0.50/0.50] is close to that of (S)-rich type II HCPS.
The changes in the α values connecting to the q and lK values are not surprising.

Compared to a short C–C single bond length of ~0.15 nm, a long Si–Si bond length of
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~0.23 nm results in a rotational barrier height as small as ~2 kcal mol–1 [103]. The small
barrier height measures the internal steric demands between less bulky isobutyl and bulky
2-methylbutyl pendants. Therefore, to minimize to the steric repulsion, helical polysilane
spontaneously alters the degree of chain coiling. Non-mirror-symmetrical viscometrical
characteristics between non-helix-helix transition HPS-S and -R, type I HCPS, and type II

HCPS-SR could be also connected to the macro-PV effect mediated by handed inner-shell
electrons interacting with the nucleus of helical polysilanes; the macro-PV effect may
influence a subtle alteration in the main-chain stiffness and mobility [99].

Previously, MF reported non-mirror-symmetrical CD/UV-visible absorption charac-
teristics of thermo-driven helix-helix phase transition behaviors for five pairs of helical
polysilane homopolymers bearing (S)- and (R)-3,7-dimethyloctyl pendant pairs (96 %ee)
in isooctane associated with their viscometric data [92,99]. The noticeable non-mirror-
symmetrical CD/UV-visible characteristics in isooctane and chloroform ranging from
−80 ◦C and +80 ◦C and detectable differences in chemical shifts and linewidths in 29Si-
/13C-NMR spectra were ascribed to the macro-PV effects at polymer level; the chemical
shifts of 29Si/13C nuclei are perturbed by the degree of electron shielding near the nuclei
and the linewidths are connected to Si–Si main-chain mobility.

3.2. Higher-Order Structures of Helical Polysilane Homo- and Copolymers in the Homo-
and Co-Colloids

In the early 2000s, Okoshi, Watanabe, and coworkers elucidated that rod-like heli-
cal poly(n-decyl-(S)-2-methylbutylsilane) (DPS-S) afford cholesteric (Ch*) and smectic A
phases; polydispersity index (PDI) = weight-average molecular weight (Mw)/number-
average molecular weight (Mn) and an aspect ratio of molecular length/molecular diameter
are critical parameters in the condensed phases [63,104,105]. Because the PDI values of
polysilanes used in this work range from 1.2 and 2.6 and the aspect ratio of molecular
length/molecular diameter is greater than 50 (SI, Tables S1–S4), it is likely to form ill-
ordered Ch*-like phase in the homo- and co-colloids. Actually, a clear couplet-like bisignate
CD profile of DPS-S in thermotropic Ch*-phase at 80 ◦C [63] is very similar to the couplet-
like bisignate CD profiles of HPS/HCPS homo-colloids and HPS/HCPS co-colloids with
PFV8/PF8 as their suspension states at room temperature.

A preference in twisting direction in the colloids is primarily determined by side-
chain chirality and main-chain helicity, that possibly work together collaboratively or
non-collaboratively. In the type II HCPS-SR, main-chain helicity appears to be a dom-
inant factor for chiroptical sense. In type I HCPS, main-chain helicity appears to be
dominant for chiroptical sense when the mole fractions of the (S)-(R) range from 0.50
and 1.00 (Figure 2d). Conversely, side-chain chirality appears to be a deterministic factor
for chiroptical sense when a mole fractions of the (S)-(R) ranges from 0.006(0.007) and
0.25 (Figure 2d). Other possible deterministic factor of chiroptical sense will be the as-
pect ratio of molecular length/molecular diameter that is exemplified for semi-flexible
poly(alkylarylsilane)s [106] and rod-like poly(dialkylsilane)s [107]. A subtle change in
diameter from bulkier 2-methylbutyl to less bulky isobutyl pendants causes the apparent
chiroptical sense inversion (Figure 2c,d).

In recent years, Nagata and Suginome reported abnormal and normal Ser-Sol effects in
a series of poly(quinoxaline-2,3-diyl)s (PQXs) with a very narrow PDI and almost same
molecular weights when specific solvents are employed [55,56,108]. PQX copolymer carry-
ing (S)-3-octyloxylmethyl and n-propoxymethyl co-pendants reveals marked chiroptical
inversion as functions of mole fractions of (S)-pendant chirality and molecular weight of
PQXs when n-alkanes (alkyl length > longer than five) [108] were chosen. Solvent depen-
dent bi-directional Ser-Sol effects in CHCl3, 1,1,2-trichloroethane, benzene, and toluene
were also observed [55,56]. The uniqueness should arise from semi-flexibility of CD-silent
racemic PQX helix carrying achiral pendant possessing q = 21 nm and lK = 43 nm in tetrahy-
drofuran at 25 ◦C. Larger q and lK values arise from lower barrier rotational heights of
Ar–Ar, Ar–pendants, and intra-pendants [109]. However, a naive question remains to us;
when helical pairs of PQX with the same (S)-(R) pairs were available, whether chiroptical
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characteristics reveal rigorously mirror-symmetry. An apt question is whether viscometri-
cal characteristics are precisely identical for P–M helical PQX pairs induced by the opposite
(S)–(R) pendant chirality.

3.3. Possible Structures of Highly Emmisive PFV8 and PF8 in the Co-Colloids

Either HPS or HCPS are assumed to form helically ordered associations in co-colloids
as the first step upon the addition of methanol as poor solvent. Helically ordered Ch*-
like nanostructures may act as “seeds of chirality” and “seeds of helicity”, followed by
propagation of helically twisted stacked structures from achiral PFV8 and PF8. It is known
that PF8 and 9,9-alkyl derivatives adopt semi-flexible main chain that q = 8.6 nm and
lK = 17 nm in THF and q = 7.0 nm and lK = 14 nm in toluene [78,110]. PF8 reveals a variety
of higher order structures in the form of aggregates and in the solid films, depending
on nature of alkyl pendants, choice of poor/good co-solvents, thermal treatment, and
so on [78,80,111]. A highly emissive PF8 in dilute solution maintains highly emissive
even in the aggregates and in the solid films [67]. Similarly, a highly emissive PFV8 in
dilute solution maintains highly emissive property in the aggregates [70]. A plausible
reason is owing to the intramolecular C–H/π interaction existing commonly between
fluorene π–ring and C–H2 bonds at β- and γ-positions of n-octyl chains [112,113]. The
built-in intramolecular C–H/π interaction might prevent non-emissive π–π stacks of PF-
related polymers because of inherent bulkiness of two n-alkyl side chains at 9,9-positions
of fluorene ring.

3.4. Co-Colloidal Stucture of PFV8 and HPS-S by Atomic Force Microscopy

From DLS analysis of PFV8 co-colloids with HPS-S in CHCl3-MeOH cosolvents, a
question remains whether PFV8 and HPS-S exist as individual segregates in the co-colloids.
Imaging using atomic force microscopy (AFM) suggests that PFV8 and HPS-S onto HOPG
are likely to exist as a mixture of PFV8 and HPS-S as their micro-colloids (SI, Figure S37).
Larger domains are ascribed to HPS-S micro-colloids, and very small dots may be PFV8

micro-colloids.

3.5. Possible Inter-Macromolecular Interactions of PFV8/PF8 with HPS/HCPS in the Co-Colloids

Mulliken charges of 9,9-di-n-octylfluorenevinylene dimer (FV8) and 9,9-di-n-
octylfluorene dimer (F8), that are simple models of PFV8 and PF8, respectively, and n-
hexyl-(S)-2-methylbutylsilane with permethyltetrasilane (PS-S), that is a simple model
of HPS-S, obtained with DFT functional, B3LYP, 6-31G(d) basis set are displayed in
Figure 10a–e. One can agree that PFV8 and PF8 are commonly non-polar structures
without polar atoms. However, aromatic and aliphatic carbon atoms are commonly
negative Mulliken charges (red color) while all hydrogen atoms attached to carbon
atoms are positive Mulliken charges (green color). Likewise, HPS and HCPS are non-
polar structures with no polar atoms in the side chains, excepting Si atoms in the main
chain. Similarly, aliphatic carbon atoms are negative Mulliken charges (red color),
conversely, all hydrogen atoms attached to carbon atoms are positive Mulliken charges
(green color). Si atoms are intense positive Mulliken charges (green color).

The C–H/π interaction, that are experimentally characterizable by crystallographic
and NMR/infrared (IR) spectroscopic analyses and by theoretical simulations, is the
most plausible inter-molecular interaction of PFV8/PF8 co-colloids with HPS/HCPS but
appears not applicable to HPS/HCPS homo-colloids [114]. The most important term in
the C–H/π interactions between soft-base and soft-acid hydrogen bonding is the London
dispersion force; nature favors delocalization by compensating opposite charges on atoms
and groups tempo-spatially generated by a quantum fluctuation.
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Figure 10. Mulliken charges of (a,b) FV8 dimer, (c,d) F8 dimer, and (e) PS-S, obtained with Gaus-
sian09 (DFT functional with B3LYP, 6-31G(d) basis set).

Mulliken charge neutrality hypothesis proposed by us is applicable to various complex
systems [23,24]; the hypothesis is similar to an exact charge neutrality of Coulombic
interaction that is the key concept of a spontaneous association resulting from a long-range
attractive force between polycations and polyanions [17]. The oppositely signed, but
permanent Mulliken charges on atoms (marked as green and red color atoms) can feel
intense attractive forces each other. Alkyl chain CH2 atoms (green color) in the side chains
of PS-S (Figure 10e) feel the attractive force from trans-vinylene C=C double bond (red
color) and six–seven aromatic carbons at fluorene rings of FV8 (Figure 10a,b). Likewise,
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hydrogen atoms in CH2 (green colors) in the side chains of PS-S feel the attractive force
from six–seven aromatic carbons (red colors) at fluorene rings of F8 (Figure 10c,d). These
attractive forces led by the oppositely sign Mulliken charges on atoms between FV8/F8

and PS-S are assumed to be responsible for synchronized chirogenesis in the present
co-colloidal systems.

However, what kind of inter-molecular interactions in HPS/HCPS homo-colloids
can exist? Recently, the C–H/H–C interaction in the crystals was hypothesized by Har-
iharan [115]; dipolar/quadrupolar nature of sp2 C–H bonding can induce a dipole on
the vicinal sp3 C–H bonding. The C–H/H–C interaction, though very weak, is possible
to explain chirality/helicity transfer capability in the co-colloids from chiral aliphatic
side-chains of HPS/HCPS to achiral aliphatic side-chains of PFV8/PF8. The attractive
chiral–achiral interactions between chiral sp3 C–H and achiral sp2 C–H bondings appear
more general in the liquid, colloidal, and condensed phases and widely applicable in the
realm of supramolecular chirogenesis between non-polar aromatic and aliphatic molecules,
oligomers, and polymers, that allowing to rationally designing sophisticated chiroptical
functionality because aromatic (e.g., polyaromatic hydrocarbons (PAH)) and aliphatic
hydrocarbons are ubiquitous on Earth and interstellar universe.

3.6. Film-State CD Spectra of PFV8 with Type I HCPS and Type II HCPS

For practical applications, chiroptical functioned films based on Ser-Sol and Maj effects
are inevitably needed. It is, however, difficult to characterize the detailed structure of the co-
colloids due to the ill-defined structures. Disregard of Mulliken charge neutralization and
C–H/H–C interaction hypotheses, these non-directional attractive weak interactions should
help supra-macromolecular complexation between non-charged, non-polar π–conjugated
polymers and non-charged, non-polar σ–conjugated polysilanes. Our approach is, however,
beneficial to freely design solution processible supra-macromolecular complexation of
two non-charged polymers with sophisticated chiroptical, electronic, and other functions
in the future.

The changes in film-sate CD spectra of PFV8 with type I HCPS deposited onto Tempax
glass substate are given in SI, Figure S39a,b. The nearly mirror-symmetrical Ser-Sol effect
can be seen, as SI, Figure S39a. On the other hand, from the changes in the film CD spectra
of PFV8 with type II HCPS, the non-mirror-symmetrical Maj effect appears as shown in
SI, Figure S39b.

4. Perspectives

In an analogy to the chicken-or-the-egg question, the long-standing unanswered ques-
tion in the realm of molecular biology might be the origin of life, which was the first, DNA
or proteins? An answer was that ribozymes (ribonucleic acid enzymes) are capable of
catalyzing functions in several biochemical reactions, like RNA splicing in gene expres-
sion [116]. Likewise, in connection to the origin of homochirality, which chirality was
the first, DNA/RNA with D-chirality or proteins/polypeptides with L-chirality? [1–14]
More apt questions are the most fundamental questions of whether parity at biomolecular
level is conserved or violated [8–14]; e.g., (i) whether D- and L-chirality are energetically
equal, (ii) (S)- and (R)-chirality are energetically not different, and (iii) P- and M-helices are
energetically equal.

Although P/M helicity is closely connected to D/L and/or (S)/(R) chirality of the
building blocks, a preference in the helicity is changeable in response to external chemical
and physical biases, e.g., known as salt-induced and thermo-driven B (right-hand helix)–
Z (left-hand helix) transition of guanine-cytosine DNA [117]. Furthermore, from the
viewpoint of chemical etiology based on base-paring capability as a probe of melting point
(Tm), Eschenmoser questioned why Nature chose five-membered D-furanose, and not
six-membered D-pyranose, in RNA and DNA [118]. His comprehensive result was that D-
pyranose DNA (called homo-DNA) generates thermally stable Watson-Click type duplexes
associated with an increase of Tm by 30 ◦C, compared to D-furanose DNA. Similarly, D-
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pyranose RNA forms the corresponding thermally stable homo-duplexes with an increase
of Tm by 30–60 ◦C. The outcomes led to the conclusion that a capability of thermally
stable base-pairing of RNA and DNA is inefficient for non-enzymatic self-replication and
template-directed copying under abiotic conditions.

By learning his conclusion, a proper flexibility and adaptability of chain-like polymers
susceptible to alteration of external environments appears crucial in the colloidal processes.
When one can view the main-chain rigidity between (S)- and (R)-derived helical polysilane
homo- and copolymers, semi-flexibility of polysilanes bearing (S)-pendants with the lower
α values are likely to form co-colloids with PFV8 and PF8 while more rigid polysilanes
bearing (R)-pendants with the higher α values are not.

An obstacle of investigating an L-D preference of natural D-DNA and L-protein and
their building blocks at laboratory level is to synthesize L-DNA and D-protein and/or
to isolate enantiomerically pure forms using non-naturally occurring or naturally rare L-
and D-bioresources associated with multiple-step synthesis maintaining enantiomerically
high purity [91,93–97,119,120]. Among the rare studies of L- and D-proteins, absolute
magnitudes such as molar ellipticity, [Θ], at two λext values (205 nm and 225 nm) between
Fe3+/L-rubredoxin and Fe3+/D-rubredoxin and between apo-L-rubredoxin and apo-D-
rubredoxin appear slightly different by approximately 20% and the absolute [Θ] values tend
to bias to negative magnitudes [120]. The similar bias toward the negative CD amplitudes
is reported for several macro-PV systems, including the microcrystalline solids [90] and
helix-helix transition polysilanes in dilute solutions at cryogenic temperatures [99].

In our view, although the non-mirror-symmetric characteristics are not topics, the
macro-PV effects may be seen already in several papers. For example, in 1993, Aoyama et al.
reported that supramolecular complexes of non-rigid achiral resorcinol cyclic tetramer to
bind several chiral aliphatic/aromatic alcohols in chloroform shows bisignate couplet-like
CD bands at 270–310 nm at π–π* transition of the resorcinol; the CD amplitudes induced
by the chiral guests are not ideal mirror symmetrical, and tend to shift toward negative-
CD values by 8–240% disregard of (S)-(R) and D-L chirality of three chiral alcohol pairs,
in particular, non-rigid chiral alcohols boost the CD shifts [121]. Akagi et al. reported
noticeable non-mirror-symmetric, couplet-like CD and CPL spectral profiles (magnitudes,
λext, and shapes) of three π–conjugated polymers in CHCl3 solution; the gCPL values of
the polymers are shifting to (−)-ones disregard of the (S)-(R) pendant chirality and an
absolute magnitudes between (−)- and (+)-gCPL values differ by 1.3–2.1 times [122]. A
similar tendency can be seen in other three polyacetylene derivatives carrying (S)/(R)
alkoxy pendants in CHCl3; disregard of the (S)-(R), the gCD values tend to shift (−)-ones
and an absolute magnitude between (−)- and (+)-gCD values differ by 1.5–1.7 times [123].
The (−)-shift in the gCPL values at 330 nm by 17% can be seen for a pair of P- and M-helical
polysilanes, having (S)-2-methylbutyl/n-dodecyl and (R)-2-methylbutyl/n-dodecyl co-
pendants, as their colloids in an optofluidic medium by ten set measurements of CPL/PL
spectra [72].

In a recent paper reporting twistable peri-xanthenoxanthene oligomers, non-mirror sym-
metric spectral shifts in CPL signals and different amplitudes/spectral shifts in couplet-like
vibrational CD along with the corresponding unpolarized IR spectra can be seen [124,125].
Alternatively, in a recent paper of polyacetylene substituted with non-rigid binaphthyl
pendants susceptible to molecular chirality of alkanes as guests in solutions, the CD signals
at π–π* transitions at main-chain appear non-mirror-symmetrical associated with shifting
toward (−)-CD values by 20–25% disregard of the guest (S)-(R) chirality [126].

Researchers interested in the macro-PV hypothesis will encounter an inevitable draw-
back and difficulty because the (S)-(R) substances with an extremely high enantiopurity of
100.00% or an extremely low enantio-impurity of less than 0.01% are in principle impossible
to synthesize. They cannot provide definitive evidence to persuade scholars skeptical about
the macro-MPV and MPV hypotheses.

To overcome these difficulties, an alternative approach is to utilize non-rigid, dynam-
ically twisting racemic substances available commercially and/or prepared/purified in
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a short-step synthesis. Classically, in non-rigid, diprotonated tetraphenylsulfonate por-
phyrins upon application of clockwise and counter-clockwise vortex flowing, one may
recognize non-mirror symmetric amplitudes associated with inequal amplitudes and spec-
tral shapes at two couplet-like CD signals at B-band at ~480 nm and Q-bands at ~720 nm,
respectively though the macro-PV was not the topic [127]. Recently, on the basis of the
MPV hypothesis, by measuring a heat capacity with adiabatic calorimeter and spin-lattice
T1 time with 1H-NMR down to cryogenic temperatures (9–300 K), Kozlova and Gabuda
showed an occurrence of quantum-tunneling assisted MSB below 60 K of ZnII-containing
organic framework consisting of D3-symmetric 1,4-diazabicyclo[2.2.2]octane (well-known
as DABCO) twistable between left-and-right in a double-well potential [128]. Although an
apt question remains which (S)- or (R)-crystal is stabilized below 60 K, a further clarification
is awaited. Presumably, the crystal shows intense (−)-CD signal below 60 K, weak (−)-CD
or weak (+)-CD signal above 60 K, and zero-CD signal at room temperature.

Our recent papers reported handed CPL signals showing only negative-sign in the
photoexcited states, that means handed photochirogenesis, from approximately sixty non-
rigid rotamers including molecules, oligomers, and polymer, that do not have stereogenic
centers, in achiral dilute solutions [129–131]; spontaneous radiation/relaxation processes
associated with structural reorganization at the photoexcited states, rather than absorption
processes, are susceptible to unveil the macro-PV as non-racemic metastable structure as
a handed chirogenesis. Note that the CPL and CD spectrometers used in these works
were certified by non-detectable CD/CPL signals of several achiral rigid π–conjugated
aromatic molecules along with ideal mirror-symmetry CD- and CPL-spectra (amplitudes,
sign, wavelengths, and shapes) of very rigid molecular(1S)-(–)-/(1R)-(+)-camphor.

Based on our comprehensive results of helical/chiral polysilanes in the present
paper, pendant chirality and/or main-chain helicity of photoscissable HPS/HCPS ef-
ficiently worked as chirality/helicity scaffolding to non-photoscissable achiral/non-helical
PFV8/PF8. Inter- chirality/main-chain helicity capability between two polymers, that
are mimicking optically inactive oligopeptide with optically active sugars, conversely,
optically inactive sugars with optically active oligopeptide, are likely to occur in a synchro-
nized manner in coacervates-like co-colloidal systems in aqueous condition. Regarding
main-chain rigidity, chain-like polymers adopting semi-flexibility might enable an adapt-
ability to any alterations, like self-replication, self-repairing, and catalytic capabilities. The
(S)-chirality, originating from naturally occurring starting source, tends to provide the
lower viscosity indices in a series of type II HCPS-RS, compared to (R)-one prepared
from non-naturally occurring source. Possibly, a very rigid, non-twistable helix made of
non-naturally occurring constituents may lack such the adaptability. To provide a proper
semi-flexibility, biomacromolecules consisting of the naturally-occurring D-chirality in
sugars and L-chirality in amino acids are assumed to be pre-determined, for example,
endowed with parity-violating weak neutral current force in the ground and photoexcited
states of atoms and sub-atoms existing in whole universe [99,129–131]. The colloidal parti-
cle dispersed in an optofluidic medium efficiently works as chiroptical resonator endowed
with WGM [25], enabling to boost ultra-small non-detectable MPV effect on the order of
10–8–10–14 kcal mol–1 to a detectable level as macro-MPV effects.

5. Methods and Materials

5.1. Instrumentation

The CD and UV-visible spectra were recorded simultaneously at 20 ◦C by a J-820 spec-
tropolarimeter (JASCO, Hachioji, Tokyo, Japan) using rectangular quartz cuvettes (path
lengths: 5 mm and 10 mm) at ambient temperature. To obtain precise CD/UV-visible spec-
tra, a scanning rate of 50 and 100 nm min–1, a bandwidth of 2 nm, a response time of 2 s and
1 or 2 accumulations were employed. The instrument was aged for at least 2 h to minimize
drifts of the power supply and light source. Likewise, the CPL/CPLE/PL spectra were col-
lected on a JASCO CPL-200 spectrofluoropolarimeter using the rectangular cuvettes (path
lengths of 5 mm and 10 mm) at room temperature (approximately 20–25 ◦C). The optimal
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experimental parameters were that scanning rate = 20–50 nm min−1; bandwidth = 10 nm
for excitation and detection; response time of PMT = 8–16 s during measurements and 2
to 8 accumulations. Technically, all the CD and UV-visible spectra including rectangular
quartz cuvette and co-solvents in the presence of as-prepared colloids were automatically
obtained solely by subtracting the corresponding CD and UV-visible spectra of the same
co-solvents with the same cuvette in the absence of the colloids, that are saved as temporal
memory each time on J-820 computer program, followed by no further processing on the
computer and converted as their text data enable to plots using the KaleidaGraph software
(Mac ver. 4.53, Synergy (Reading, PA, USA)). Note that the baseline noises in Figure 2,
Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and are thus as-is without further
processing like numerical smoothing.

The dissymmetry ratio, gCD, was evaluated by the equation that gCD = Δε/ε = elliptic-
ity (in mdeg)/[absorbance]/32,980 at λext or gCD = (εL − εR)/[(εL + εR)/2], where εL and
εR are the extinction coefficients for left- and right-CP light, respectively. To calculate gCD,
CD and UV/UV-visible signals at the same λext of the CD signals are used. Likewise, the
dissymmetry ratio of circular polarization at the S1 state (gCPL) was calculated by the equa-
tion that gCPL = ΔI/I = (IL − IR)/[(IL + IR)/2] = [ellipticity (in mdeg)/(32,980/ln10)]/[total
PL intensity (in Volts)] at CPL extremum (λext), where IL and IR are the signals for left-
and right-CP light under the unpolarized incident light, respectively. To evaluate the gCPL
value, CPL and PL signals at the same λext of the CPL signal were used.

The polysilanes and their dichlorosilane source materials were characterized by the
29Si- (59.59 MHz) and 13C- (75.43 MHz) NMR spectroscopy in CDCl3 at 30 ◦C using a Unity
300 MHz NMR spectrometer (set-up at NTT in the 1990s, Varian, as a member of Agilent
Technologies, Palo Alto, CA, USA) with tetramethylsilane as an internal standard.

The weight-average molecular weight (Mw), number-average molecular weight of
the polymers (Mn), and polydispersity index (PDI = Mw/Mn) were evaluated using gel-
permeation chromatography (A10 chromatograph, Shimadzu, Kyoto, Japan) using a
Shodex KF-806M column (Showa Denko, Tokyo, Japan) and a PLGel mixed B column
(25 cm in length, 4.6 mm ID (Agilent Technology Japan, Hachioji, Tokyo, Japan). HPLC-
grade THF (Wako Chemical, Osaka, Japan) was used as the eluent, and the data were
calibrated on the basis of the polystyrene standards (Varian-Agilent). All polysilanes and
the corresponding dichlorosilane monomers used in this work were synthesized and char-
acterized from 1992 March and 1992 June when one of the authors (MF) worked for NTT
basic research laboratory. All polysilanes were stored in sealed vials in the dark at room
temperature over 20 years. Prior to initiate the present study, these polysilanes did not
decompose associated without auto-oxidation. In doubly sure, these Mw, Mn, and PDI at
NAIST were re-measured prior to investigate the present works.

The [η] – M relationship of polysilane homo- and copolymers used in this work in
dilute toluene at 70 ◦C was measured at Toray Research Center (TRC, Shiga, Japan) and
NTT R&D Center using a 1500 GPC apparatus (Waters, Milford, MA, USA) with three
GMHXL columns (30 cm × 8 mm ID, Tosoh, Tokyo, Japan) at a flow rate of 0.97 mL min–1

equipped with a Viscotec, now, Malvern Panalytical, Malvern, UK) H502a viscometer. All
the results as in-house datasets in those days were obtained and confirmed by colleagues
when MF worked for NTT basic research laboratory.

Dynamic force mode (DFM) atomic force microscopy (AFM) images were captured
using a SPA 400 SPM unit with a SII SPI 3800 probe station (Seiko Instruments, Inc., now
Hitachi High-Tech Science Corp., Tokyo, Japan). The sample was deposited onto a HOPG
substrate (IBS-MikroMasch, Sofia, Bulgaria; a Japanese vendor is Tomoe Engineering Co.,
Tokyo, Japan) by dropping the colloids suspension into a mixed methanol-chloroform
solvent. The deposited specimens were measured after the solvent was removed.

The colloids sizes were analysed by dynamic light scattering (DLS) (a detector with
90◦, 30 accumulated scans; Otsuka Electronics (Hirakata-Osaka, Japan) model DLS-6000
using solution viscosity data obtained with a Sekonic (Tokyo, Japan) viscometer VM-100 at
25 ◦C, along with the nD value of methanol-toluene (1.5:1.5 (v/v)) and methanol-chloroform

137



Symmetry 2021, 13, 594

(1.0:2.0 (v/v)) at 589 nm at 25 ◦C using an Atago (Tokyo, Japan) thermo-controlled DR-M2
refractometer at 589 nm at 20 ◦C.

To photochemically decompose HPS-S, -R, type I HCPS-S and -R, and type II HCPS-

RS in the PFV8 (and PF8) co-colloids in a cuvette at room temperature, an ultrahigh
pressure 500 W Hg lamp (Optiplex BA-H501 and USH-500SC2 (Ushio, Tokyo, Japan) with
a narrow band-pass filter with 313 nm (Sigma Koki, Tokyo, Japan) was used. A photon
power of 14–20 μW cm–2 at 313 nm was produced by monitoring an Si photodetector (Nova
and PD300-UV, Ophir-Japan, Tokyo, Japan). Details of the experimental setup have been
previously reported [25,67].

The refractive index (nD) value of cosolvents was evaluated by the equation nD
(cosolvent) = x nD (MeOH) + (1 − x) nD (toluene) and nD = x nD (MeOH) + (1 − x) nD
(CHCl3) where x is the volume fraction of MeOH in the cosolvent. The nD values of MeOH
(nD = 1.329), CHCl3 (nD = 1.444), and toluene (nD = 1.496) were used for this evaluation.

The main chain lengths of HPS-S, -R, type I HCPS-S and -R, type II HCPS-RS, PFV8,
and PF8 were evaluated by the product of their monomer unit lengths and number-average
degree of polymerization DPn = Mn/M0, where Mn and M0 are the number-average of
molecular weight and the molecular weight of the monomer unit.

5.2. Preparation and Fractionation of Polysilanes and the Corresponding Dialkyldichlorosilanes

Synthesis and characterization of poly(n-hexyl-(S)-2-methylbutylsilane) (HPS-S), poly(n-
hexyl-(R)-2-methylbutylsilane) (HPS-R), poly(n-hexyl-isobutylsilane) (HPS-IB), poly(n-hexyl-
rac-2-methylbutylsilane) (HCPS-SR) and their dialkyldichlorosilanes as monomers (29Si-/13C-
NMR) were described in SI (pp. 1–7) and reported in the electronic supporting information of
ref [67]. Synthesis and characterization of all dialkylpolysilanes (molecular weights, molecular
length, and viscosity indices in toluene at 70 ◦C) were described in SI (pp. 7–18).

5.3. Fractionations of PFV8, PF8, and Polysilanes

The fractionation processes and molecular weight characteristics of PFV8 [69] and
PF8 [67] were briefly given in supplementary materials, Section Fractionation of PFV8 and
PF8 used in this work (S2-7), Table S4. In case of polysilanes, a broad molecular weight
dispersity of samples was fractionated by slowly adding isopropanol (IPA) during gentle
stirring until the colloid was generated. White precipitates were collected by a centrifu-
gation with a 5420 centrifuge (Kubota, Tokyo, Japan) at 3000 rpm, followed by drying
overnight at 120 ◦C under vacuum. As for the clear solution, a further fractionation with
ethanol and methanol afforded narrower PDI samples was carried out. White precipitates
were collected by centrifugation with the centrifuge at 3000 rpm, followed by drying
overnight at 120 ◦C under vacuum. All molecular weight characteristics were listed in SI,
Tables S1–S3 (p. 6 and p. 8).

5.4. Prepararing PFV8 and PF8 Co-Colloids with HPS, Type I HCPS, and Type II HCPS

Spectroscopic-grade toluene and chloroform (Dojindo, Kumamoto, Japan) as good sol-
vents and methanol (Dojindo) as a poor solvent were added to produce an optically active
co-colloids in a 10 mm synthetic quartz (SQ)-grade quartz cuvette. The optimized volume
ratio of PFV8 experiments was 2.0:1.0 with the total volume content of mixed chloroform
and methanol being fixed at 3.0 mL. The optimized volume ratio of PF8 experiments was
1.5:1.5 with the total volume content of mixed toluene and methanol being fixed at 3.0 mL.
The molar ratio of the polymers in dissolved chloroform (PFV8) or toluene (PF8) was tuned
according to the experimental requirements. The detailed protocols are as follows.

PFV8 co-colloids: To a mixed solution (total; 0.3 mL) of PFV8 (stock solution;
[conc]0 = 2.0 × 10–4 M–1 in CHCl3 as repeating unit) and HPS/types I/II HCPS (stock
solution; [conc]0 = 2.0 × 10–4 M–1 in CHCl3 as repeating unit) in the cuvette, a 1.7 ml of
CHCl3 was added. To the CHCl3 solution (2.0 mL), a 1.0 mL of MeOH was slowly added
to generate yellow colloidal particles. The solution including colloids was processed by
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shaking up-and-down five times, enabling to a well-mixed good-and-poor cosolvent and
co-colloids dispersed homogeneously in the co-solvent.

PF8 co-colloids: To a mixed solution (total; 1.5 mL) of PF8 (stock solution; [conc]0
= 2.0 × 10–4 M–1 in toluene as repeating unit, 0.75 mL) and HPS/types I/II HCPS (stock
solution; [conc]0 = 2.0 × 10–4 M–1 in toluene, 0.75 mL) in the cuvette, a 1.5 mL of MeOH
was slowly added by the shaking process to generate pale-yellow co-colloids dispersed in
the co-solvent.

HPS/HCPS homo-colloids: To a 0.3 mL solution of HPS/types I/II HCPS (stock
solution; [conc]0 = 2.0 × 10–4 M–1 in CHCl3 as repeating unit) in the cuvette, a 1.7 mL of
CHCl3 was added. To the solution, a 1.0 mL of MeOH was slowly added to generate white
colloidal particles. The mixtures was further treated by the shaking process, producing a
well dispersed homo-colloids in the co-solvent.

Simultaneously, CD/UV-visible and CPL/PL spectroscopic data were collected within
several minutes after completion of the co-colloidal process.

5.5. Optimizing Optofluidic Effect of PFV8 Co-Colloids with HPS-S

In designing the controlled optofluidic co-colloidal systems including helical polysi-
lane copolymers, PFV8, and a mixture of the surrounding poor-good co-solvents, the best
mole ratios of helical poly(n-hexyl-(S)-2-methylbutylsilane), HPS-S, and PFV8 and the best
volume fraction in a mixture of the cosolvent enable to effectively confine light energy
inside of the co-colloid were optimized (SI, Figure S40).

5.6. Choosing Good-and-Poor Co-Solvent to Maximize Ser-Sol and Maj Effects of PFV8 and PF8
Co-Colloids with HPS and Type I HCPS

To maximize Ser-Sol effect of PFV8 co-colloids with HPS and type I HCPS, the effects
of three poor-good co-solvents (fixed to 2/1 (v/v)) that enable to effectively boost CD signals
at π–π* transitions of PFV8 are given in Figure 4 in the main text and SI, Figure S41–S42.
The values of |gCD| at ~460 nm of PFV8 are in the order of CHCl3–MeOH co-solvent
((50 – 100) × 10–3) >> toluene–MeOH co-solvent (~2 × 10–3) > THF–MeOH co-solvent
[(0.6 – 0.9) × 10–3]. Chiroptical inversion between 25 mol % and 50 mol % of the (S)-
(R) pendant chirality was commonly occurred regardless of the three cosolvents. The
CHCl3–MeOH co-solvent was therefore used for Maj effect experiments of PFV8 co-colloids
with type II HCPS. In Ser-Sol and Maj effect experiments of PF8 with types I/II HCPSs,
toluene–MeOH co-solvent was chosen after an initial screening of the |gCD| values of
PF8 co-colloids with HPS-S in two CHCl3–MeOH and toluene–MeOH co-solvents because
CHCl3–MeOH cosolvents with several ratios generated the CD-/CPL active PF8 co-colloids
with HPS-S though the |gCD| values of PF8 weakened slightly [67].

5.7. Calculating Mulliken Charges for Oigomeric Models of HPS-S, PFV8, and PF8

Computer generated pentamer model of HPS-S with P-73 helix (dihedral angle ≈ 155◦),
PFV8, and PF8 (dihedral angle ≈ 150◦) were optimized with PM3-MM (Gaussian09
rev. D.01, Gaussian, Inc., Wallingford, CT, USA, 2013) running on an Apple PowerMac
(2.93 GHz clock, 16-cores, and 64 GB memory).

6. Conclusions

It is known that non-charged semi-flexible and rod-like helical copolymers and π–π
molecular stacks reveal sergeants-and-soldiers (Ser-Sol) and majority-rule (Maj) effects
in dilute solutions and as a suspension in fluidic liquids. A question remained unan-
swered whether Ser-Sol and Maj effects between non-charged rod-like helical polysilane
copolymers and non-charged, non-helical π-conjugated homopolymers occur when these
polysilane copolymers encounter the π–polymer in the co-colloidal systems. To address the
questions, the present study used two types of polysilane copolymers, carrying (i) (S)- or
(R)-2-methylbutyl with isobutyl groups as chiral/achiral co-pendants (type I HCPS) and
(ii) (S)- and (R)-2-methylbutyl groups as chiral/chiral co-pendants (type II HCPS). For the
π-polymers, poly[(dioctylfluorene)-alt-(trans-vinylene)] (PFV8) and poly(dioctylfluorene)
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(PF8) as blue luminescent polymers were chosen. Detailed analyses of circular dichroism
(CD), circularly polarized luminescence (CPL), and CPL excitation (CPLE) spectroscopic
datasets the revealed noticeable chiroptical inversion in the Ser-Sol effects of PFV8/PF8

co-colloids with type I HCPS. The normal Maj effect of PFV8 co-colloids with type II

HCPS was observed though PF8 co-colloids with type II HCPS showed an anormal Maj
effect revealing a chiroptical inversion. The behaviors in the Ser-Sol and Maj effects were
synchronized with the natures of type I HCPS and type II HCPS homo-colloids. The CD-
/CPL-active PFV8/PF8 co-colloids with types I/II HCPSs resulted in the corresponding
CD-/CPL-active PFV8/PF8 homo-colloids by a photochemically removal of photosciss-
able types I/II HCPSs upon irradiation at 313 nm. Certain intermolecular C–H/π and
C–H/H–C interactions were assumed to be responsible for the synchronized chirogenesis
between PFV8/PF8 and types I/II HCPSs. The present paper discussed the origins of
noticeable non-mirror-symmetrical Ser-Sol and Maj effects in terms of macroscopic parity-
violation that differs from a rigorous criteria of molecular parity-violation hypothesis.
Our comprehensive helicity/chirality transfer experiments associated with significantly
enhancements in the CD-and-CPL signals at the ground and photoexcited states of ar-
tificial helical/non-helical polymer co-colloids in the tuned refractive index optofluidic
media led to propose possible answers to several unresolved questions in the realms of
molecular biology, stereochemistry, supramolecular chemistry, and polymer chemistry; (i)
whether mirror symmetry on macroscopic levels is rigorously conserved, (ii) why Nature
chose L-amino acids and five-membered D-furanose (not six-membered D-pyranose) in
DNA/RNA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/sym13040594/s1. Preparation and characterization of polymers and monomers, DLS results,
viscometric datasets of all polysilanes used in this work and PBLG/PBDG for comparison, AFM
image onto HOPG, and CD/UV-visible spectra of PFV8 with type I HCPS and with type II HCPS
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