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a b s t r a c t

The zinc bilinone (ZnBL) dimers 4 and 5 bearing chiral aliphatic spacers ((2S,4S)-2,4-pentanedioxy and
(3S,5S)-2,6-dimethyl-3,5-heptanedioxy for 4 and 5, respectively) were newly prepared, and their con-
formational distribution was investigated. The 1H NMR and circular dichroism spectra revealed that the
present dimers predominantly adopted the homohelicity conformation (MM and PP for 4 and 5, re-
spectively), although the reference monomers with the corresponding subunit structures exhibited poor
helicity enrichment. The helical twisting powers of these ZnBL dimers for a nematic liquid crystal (N-(4-
methoxybenzylidene)-4-butylaniline, MBBA) were also investigated. With the dimers doped into MBBA,
highly efficient chiral nematic induction was achieved. Especially, the dimer 5 exhibited the bM value of
þ1800 mm�1.

� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Construction of chiral helical frameworks is of significant im-
portance because they often provide special environments for
chiral chemical processes such as enantioselective reactions,1 op-
tical resolution,2 and molecular recognition.3 In general, helical
chirality, i.e., helicity, is defined as chirality based on the secondary
structure of a molecule,4 and introduction of stereogenic centers is
necessary to obtain chiral helical structures, except for molecules
with intrinsic helicity such as chiral helicenes.5 In biological sys-
tems, a-helix of peptides and DNA duplex are representative ex-
amples of chiral helical frameworks, of which helicity is determined
by chirality of the constituent monomers; amino acids and nucle-
otides, respectively. In artificial systems, chiral helical molecules
have been developed and applied as chiral molecular catalysts,1,6

enantioselective chemosensors,7 and so on. In recent years, chiral
helical molecules have also been attracting much interest as ef-
fective dopants to introduce chiral liquid crystalline phases.8

We have investigated helicity induction of zinc bilinones (ZnBLs),
zinc complexes of conjugated linear tetrapyrroles.9 Although ZnBL
racemizes between the right-handed (P) and left-handed (M) helical
conformers, attachment of chiral auxiliaries in covalent9a and
supramolecular9b,c ways induces thermodynamically preferred
helicity. Especially, in the former way, introduction of a chiral
: þ81 72 254 9910.
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auxiliary at the helix terminal of ZnBL gave rise to helicity enrich-
ment as large as 95% helicity excess (h.e.) (compound 1, Fig.1).9a The
study of solvent effects on helicity induction revealed that such
a high h.e. owes to effective van der Waals interaction between the
aromatic group in the chiral auxiliary and the ZnBL framework in the
preferred conformer.10 Indeed, ZnBLs 2 and 3, bearing aliphatic
chiral auxiliaries, exhibited quite modest h.e. (1% and 7%, re-
spectively). As an application, we recently reported that a chiral
nematic liquid crystal (N* LC) was effectively induced upon addition
of the helicity-enriched ZnBL to a nematic (N) LC, N-(4-methoxy-
benzylidene)-4-butylaniline (MBBA).11 Especially, 1 exhibited an
extraordinarily large helical twisting power (HTP; bM¼þ900 mm�1).
On the other hand, the N* LC induction was less effective for 2 and 3.
M-helix P-helix

Figure 1. Helicity-enriched zinc bilinones with various chiral auxiliaries at the helix
terminal. The helicity excesses (h.e.) are the values in CH2Cl2 at 288 K. See Ref. 9a.
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Figure 2. The structures of the zinc bilinone dimers 4 and 5. The red-lined skeletons
for 4 and 5 correspond to the chiral auxiliaries in the monomers 2 and 3, respectively.
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These results indicate that highly regulated helicity of the ZnBL
framework is essential to achieve effective N* LC induction.

In the present study, we investigate homohelicity enrich-
ment of ZnBL dimers using aliphatic chiral spacers. It is difficult
to control conformational isomerization of plural ZnBL subunits
assembling together. For this purpose, we design the ZnBL di-
mers 4 and 5 (Fig. 2) and examine the dimerization effect on
helicity enrichment. It is important finding that enrichment of
the homohelicity conformer is observed in each dimer although
a flexible aliphatic chiral auxiliary is employed. We also show
the N* LC induction properties of these ZnBL dimers. Such
helicity assemblies of ZnBL are expected to exhibit a synergistic
effect on the N* LC induction compared to the monomer
system.
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Scheme 1. Synthesis of Z
2. Results and discussion

2.1. Synthesis of ZnBL dimers

The ZnBL dimers 4 and 5 have duplicated structures of the
monomers 2 and 3, respectively. In Scheme 1 is briefly shown the
preparation of the dimers. The freebase bilinone dimers 7 and 8
were prepared by the nucleophilic ring-opening reaction of
(5-oxoniaporphyrinato)zinc(II) chloride 6 with the dialkoxides
generated from (2S,4S)-(þ)-2,4-pentanediol and (3S,5S)-(�)-2,6-
dimethyl-3,5-heptanediol, respectively (18 and 5% for 7 and 8, re-
spectively).12,13 The low yields of the freebase dimers might be due
to steric hindrance upon introduction of the second ZnBL subunit
because a significant amount of mono-substituted derivatives were
also produced. The subsequent zinc insertion to 7 and 8 afforded
4 and 5 in 78 and 80% yields, respectively (14 and 4% for 4 and 5,
respectively, from the corresponding diols). The compounds newly
obtained were characterized by 1H NMR, IR, and MALDI-TOF MS
spectra as well as elemental analyses.

2.2. CD studies on homohelicity induction of ZnBL dimers

As reported previously,14 a ZnBL dimer exists as an inter-
converting mixture of homohelical (PP and MM) and heterohelical
(PM) conformers. These three have a diastereomeric relationship to
one another due to chirality in the spacer. We have found that the
intensity of the circular dichroism (CD) spectrum of the ZnBL as-
sembly is directly in proportion to the efficiency of homohelicity
induction.14b,15 That is, the CD intensity exclusively reflects the
molar excess of the P (or M) subunits in all the conformers over the
M (or P). Therefore, in the case of the dimer, the h.e. of the ZnBL
subunit is represented by Eq. 1:

h:e:ð%Þ ¼ j100� ð½PP� � ½MM�Þ=ð½MM� þ ½PM� þ ½PP�Þj (1)

where [PP], [PM], and [MM] are the concentrations of the PP, PM,
and MM conformers, respectively. Thus, the formation of the
7 (18%)
   or
8 (5%)

N HN

NNH
OO OO
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NNH
OO OO
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8

Zn(OAc)2
4 (78%)

or
5 (80%)

CH2Cl2-MeOH

nBL dimers 4 and 5.
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Figure 3. CD spectra for 4 and 5 in CH2Cl2 at 288 K. The intensities were normalized by
a molar concentration of the ZnBL subunit. [ZnBL subunit]; 41.8 mM for 4 and 36.8 mM
for 5.
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homohelicity conformers in 4 and 5 was monitored by CD spec-
troscopy. In Figure 3 is shown the CD spectra of 4 and 5 in CH2Cl2 at
288 K, where the intensity of each spectrum is normalized by
a molar concentration of the ZnBL subunit. The data are also
summarized in Table 1. The first negative and second positive
Cotton effects were observed for 4, showing that the MM conformer
was predominantly formed.9,14 On the other hand, the alternate
Cotton effects opposite to those of 4 were observed for 5, showing
that the PP conformer was enriched. Both of the dimers showed
larger CD intensities in comparison with the monomers 2 and 3,
indicating that the cooperative motion to adopt the homohelicity
conformers was allowed between the ZnBL subunits in the present
dimers. The dimer 5 exhibited the larger CD intensity than 4, in-
dicating homohelicity induction in 5 was more effective. In par-
ticular, the CD intensity of 5 in the high-energy region (D3 (ZnBL
unit)¼112.3 M�1 cm�1 at 401 nm) was as large as the maximum
value for the chiral ZnBL framework (jD3 (ZnBL unit)j¼
138 M�1 cm�1),9a indicating the h.e. of 5 was about to reach more
than 80%.
2.3. Estimation of homohelicity induction by 1H NMR
spectroscopy

The 1H NMR experiments afforded further information about
homohelicity induction of the ZnBL dimers. The quantitative anal-
yses were allowed by magnetically distinguishable 1H NMR signals
of the PP, MM, and PM conformers. In Figure 4 are shown the ex-
panded region of the 1H NMR spectra of 4 and 5 in CD2Cl2 at
288 K.16 In the case of 4 (Fig. 4a), the signals of the 5-, 10-, and 15-Hs
as well as the protons at the stereogenic centers were observed for
each conformer as well-resolved peaks, showing the in-
terconversion among the conformers was slower than the 1H NMR
Table 1
The CD spectral data and helicity excesses for 2–5

Compound D3 (ZnBL unit)/M�1 cm�1 (l/nm)a Preferred helicity Helicity excess
(% h.e.)a

2 �13.2 (410), 14.2 (774) P 1
3 �21.6 (406), 23.7 (774) P 7
4 99.7 (401), �99.8 (788) M 86
5 �112.3 (401), 123.0 (785) P >95

a The CD spectra were obtained in CH2Cl2 at 288 K, and the helicity excesses were
determined by 1H NMR spectra in CD2Cl2 at 288 K. The data for 2 and 3 are cited from
Ref. 9a.
time scale. In combination with the CD signs, the major signal set
was assigned to the MM conformer,17 and the comparison of the
integral ratios allowed us to determine the conformer distribution:
the ratio of PP:PM:MM was 0:14:86 (86% h.e.). In the case of 5
(Fig. 4b), a signal set assigned to the homohelicity conformer was
predominantly observed, indicating that the PP conformer was
exclusively formed (>95% h.e.). Previously, we revealed that con-
formational restriction by introduction of bulky groups on the
spacer is the prerequisite for homohelicity enrichment of propyr-
ene-linked ZnBL dimers: the folded structures of the homohelical
conformers (PP and MM) are effectively stabilized by the inter-
subunit interaction through van der Waals interaction.14b In the
present study, taking less effective helicity induction of the
monomers 2 and 3 into consideration, it is conceivable that steric
hindrance around the stereogenic centers as well as the inter-
subunit steric interaction should give rise to cooperative homo-
helicity induction of the ZnBL subunits. The shapes of the CD
spectra of both dimers are similar to those of monomeric ZnBL
derivatives,9a indicating the absence of intramolecular exciton
coupling between two ZnBL chromophores. In addition, any re-
markable effects of magnetic anisotropy were not observed in the
1H NMR spectra of the dimers in comparison with the corre-
sponding reference monomers. These results indicate that the in-
ter-subunit steric interaction should be ascribed to the van der
Waals contact through the peripheral alkyl groups.

Although the absolute configuration of the stereogenic centers
of 4 is consistent to that of 2 and 3, opposite helicity is enriched for
4. In this term, a clear conclusion is not obtained at this point.
However, the mechanism of helicity induction in the dimer system
is different from the monomer. The helicity of the monomer is af-
fected solely by the chiral auxiliary, whereas the chiral spacer as
well as the inter-subunit interaction affects the stability of the
conformer in the dimer system. This synergetic effect gives rise to
considerable stabilization of the homohelicity conformer. Indeed,
although the absolute configuration of the chiral spacer is the same
between 4 and 5, the enriched homohelicity is opposite to each
other; MM for 4 and PP for 5. This result indicates that the spatial
arrangement of two ZnBL subunits is different between 4 and 5.

2.4. Chiral nematic induction of MBBA using the ZnBL dimers
as chiral dopants

N* LC has a twisted structure, where the constituent LC mole-
cules are helically aligned along an axis. One of important proper-
ties of N* LC is the ability to selectively reflect light with a certain
wavelength dependent on a helical pitch. Thus, N* LC has been
receiving much attention in terms of application to imaging devices
such as electronic papers and other displays.18 N* LC is available
when N LC is doped with chiral molecules. The helical pitch of the
induced N* LC can be tuned by the amount of the chiral dopant, and
the ability to induce the N* mesophase is intrinsic for the dopant,
defined by helical twisting power (HTP). In order to develop ef-
fective dopants with large HTP, numerous efforts have been de-
voted using intrinsically chiral scaffolds such as biaryls,19

organometallic complexes,8a,20 helicenes,8b,c helical polymers,21

and so on.
In the present study, we also investigated N* LC induction, using

the ZnBL dimers 4 and 5 as chiral dopants. We used MBBA because
it is one of the well-known N LCs and exhibits light absorption in
the near-UV region suitable to CD measurements using glass cells.
First, the N* LC induction properties of the dimers were in-
vestigated by polarized optical microscopy (POM). Upon addition of
the dimers to MBBA, fingerprint-type textures were obtained,22

indicating that the N* LC was effectively induced. In order to obtain
the helical twisting power (HTP) as an index for each homohelicity-
enriched ZnBL dimer to induce the N* mesophase, the pitch



Figure 4. The expanded region of the 1H NMR spectra of (a) 4 and (b) 5 in CD2Cl2 at 288 K.
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measurement was carried out by the droplet method.23 The POM
photographs of the droplets of doped MBBA are shown in Figure 5.
The HTP is expressed by bM defined in Eq. 2:

bM ¼
 

vp�1

vc

!
c/0

(2)

where p and c represent the helical pitch (mm) and the molar
fraction of the dopant, respectively. The values of p�1 were obtained
at different dopant concentrations, and the values of bM were de-
termined by the slopes of the plots of p�1 versus c. The plots
showed good linearity as shown in Figure 6. The helical senses of
the N* LC samples were determined from the CD spectra of MBBA
doped with the dimers as shown in Figure 7, indicating that the left-
handed (M) and right-handed (P) N* phase were obtained for 4- and
5-doped MBBA, respectively.24 Thus, the sign of bM was negative for
4 and positive for 5. The values of bM for the dimers are summarized
in Table 2, accompanied by those for the reference monomers 2 and
3. The monomers exhibited relatively small bM values (þ99 and
þ280 mm�1 for 2 and 3, respectively). On the other hand, helicity-
enriched dimers exhibited larger HTP, compared to the monomers
(�400 and þ1800 mm�1 for 4 and 5, respectively). It is interesting
that the induced helicity of MBBA is consistent with the enriched
helicity of the ZnBL dopant. The dimer 5 induced the N* LC phase of
MBBA most effectively, and its bM was the double of that of the
helicity-enriched ZnBL monomer previously reported (1 in Fig. 1,
Figure 5. POM textures of droplets of MBBA containing 3, 4, and 5 suspended in glycerol at
bM¼þ900 mm�1).11 Therefore, the enrichment of the homohelicity
conformers should lead to the increase in the efficiency of N* LC
induction. In general, HTP is determined by the interaction of LC
molecules with the chiral molecular surfaces of dopant mole-
cules.25 Taking it into consideration that the induced helicity of
MBBA is consistent to the enriched helicity of ZnBL in both of
monomer and dimer systems, HTP is determined by the interaction
of the helical surface of the ZnBL skeleton with MBBA molecules. As
the PP conformer is considered to adopt a well stabilized, folded
structure, as discussed in Section 2.3, the ZnBL subunits of 5 should
be well aligned so as to induce the helicity of MBBA most effec-
tively. To the best of our knowledge, the bM of 5 is the highest value
for MBBA among the dopants so far reported. The dimer 4 exhibited
smaller bM than expected from its homohelicity-enriched structure
(86% h.e.). This might be because the dopant-LC interaction reduces
the helicity excess of 4 in a MBBA solution: that is, the solute–
solvent interaction destabilizes the MM conformer of 4, which is
less stable than the PP of 5, so that the effect of the ZnBL subunits on
alignment of MBBA molecules in a unidirectional helical manner is
reduced.26
3. Conclusions

In summary, we developed novel homohelicity-enriched ZnBL
dimers using flexible, aliphatic chiral spacers. The ZnBL monomers
35 �C; (a) 3-MBBA (0.50 mol %), (b) 4-MBBA (0.25 mol %), and (c) 5-MBBA (0.08 mol %).
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Figure 7. Induced CD spectra of MBBA doped with 2 (0.26 mol %), 3 (0.25 mol %), 4
(0.085 mol %), and 5 (0.081 mol %); cell gap, 5 mm, recorded at ambient temperature.

Table 2
The CD spectral data and HTPs bMs for 2–5

Compound bM (mm�1)a Helicity of
doped MBBAb

2 þ99 P
3 þ280 P
4 �400 M
5 þ1800 P

a The pitch measurement was carried out at 308 K. The bM for 2 is cited from
Ref. 11.

b Determined by CD spectra.
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with aliphatic chiral auxiliaries, as observed in 2 and 3, exhibited
quite low helicity excesses. However, employing (2S,4S)-2,4-pen-
tanedioxy and (3S,5S)-2,6-dimethyl-3,5-heptanedioxy spacers as
demonstrated in the dimers 4 and 5, respectively, the homohelicity
conformers were exclusively stabilized. Especially, 5 showed sig-
nificantly effective homohelicity induction with >95% h.e. Using
the homohelicity-enriched ZnBL dimers, the N* LC induction of
MBBA was examined. The induced helicity of MBBA was consistent
with the enriched helicity of the ZnBL dopant. The dimers effec-
tively induced the N* mesophase and yielded considerably large
HTPs. Especially, the bM of 5 was þ1800 mm�1, although quite
modest N* LC induction was observed for the corresponding ref-
erence monomer 3. From these results, the extraordinary N* LC
induction should be attributed to the well-organized high-order
structure of the homohelical chiral ZnBL dimer.
4. Experimental section

4.1. General

1H NMR spectra were obtained on a Jeol JNM-LA400 (400 MHz)
or a Jeol JNM GA500 (500 MHz) FT-NMR spectrometer, and the
chemical shifts are reported in parts per million (ppm) downfield
from TMS (0 ppm) as an internal standard. Elemental analyses were
recorded on a Yanaco CHN-CORDER MT3 recorder. MALDI-TOF MS
spectra were obtained on a Shimadzu COMPACT MALDI2
spectrometer, using sinapic acid as a matrix. UV–vis absorption
spectra were obtained on a Shimadzu UV-3100 spectrometer. Cir-
cular dichroism (CD) spectra were recorded on a Jasco J-820 spec-
trometer. Infrared absorption spectra were obtained on a Shimadzu
FTIR-8400S spectrometer as KBr pellets. Melting points were de-
termined with a Yanaco MP-500D instrument. Gel permeation
chromatography was performed using Shodex GPC K-2001 and
2002 poly(styrene) gel column packages connected successively,
where CH2Cl2 was used as eluent.

For POM analyses, an Olympus CX31-P polarizing microscope
equipped with a Tokai HIT MATS-52SF hot stage was used. For the
CD measurement of the LC samples, glass cells with a 5 mm gap
(EHC, Japan) were used. The molar fractions of 2–5 in MBBA were
adjusted to 0.081–0.26%, and the electronic absorption of the ZnBL
dopants was enough small (absorbance; <0.1). Thus, circular di-
chroic absorption of the ZnBL chromophore was negligible in the
present conditions.
4.2. Materials

The preparation of ZnBLs 2 and 3 has already been reported.
(2,8,13,17-Tetraethyl-3,7,12,18-tetramethy-5-oxoniaporphyrinato)zinc-
(II)chloride 6 was prepared according to the reported procedure.
Chiral diols, (2S,4S)-(þ)-2,4-pentanediol and (3S,5S)-(�)-2,6-di-
methyl-3,5-heptanediol, were purchased from Aldrich and Wako
Pure Chemicals Industries, respectively. N-(4-Methoxybenzyl-
idene)-4-butylaniline (MBBA) was purchased from Tokyo Chemical
Industries. These materials were used as received and freshly
opened.

4.2.1. 19,190-((2S,4S)-2,4-Pentylenedioxy)bis(3,8,12,17-tetraethyl-
1,21-dihydro-2,7,13,18-tetramethyl-22H-bilin-1-one) 7

A mixture of (2S,4S)-(þ)-2,4-pentanediol (36.0 mg, 0.346 mmol)
and sodium hydride (60% oil dispersion, 33.2 mg, 0.830 mmol) in
dry THF (20 mL) was stirred at rt for 1 h under N2. Then, 6 (401 mg,
0.691 mmol) was added, and the mixture was stirred at rt for 24 h.
The solvent was removed on a rotary evaporator, and CH2Cl2
(50 mL) was added to the residue. The solution was washed with
satd NH4Cl (50 mL). The organic layer was vigorously shaken with
a phthalate buffer solution (pH¼4.0, 50 mL�3), washed with water
(50 mL) and satd brine (50 mL), and then, dried over anhydrous
Na2SO4. The solvent was removed on a rotary evaporator, and the
residue was purified by silica gel column chromatography
(dichloromethane/benzene/acetone¼7.5:7.5:1, v/v/v, as eluent).
Further purification by gel permeation chromatography on HPLC
followed by reprecipitation from CH2Cl2/hexane afforded the titled
compound as a dark blue solid (65.5 mg, 0.0610 mmol, 18%): mp
>250 �C (dec); 1H NMR (400 MHz, CDCl3) d 0.70 (d, 6H, J¼6.3 Hz,
–C*H(CH3)O–), 1.10–1.18 (m, 24H, CH3CH2–), 1.69 (s, 6H, CH3–), 1.76
(s, 6H, CH3–), 2.04 (t, 2H, J¼6.3 Hz, –C*H(CH3)CH2C*H(CH3)–), 2.11
(s, 6H, CH3–), 2.14 (s, 6H, CH3–), 2.27–2.63 (m, 16H, CH3CH2–), 5.07
(q, 2H J¼6.3 Hz, –C*H(CH3)O–), 5.70 (s, 2H, meso-H), 6.25 (s, 2H,
meso-H), 6.62 (s, 2H, meso-H), 10.14 (br s, 2H, NH), 12.98 (br s, 2H,
NH); IR (KBr) 2964, 2931, 2867, 1701, 1589, 1215 cm�1; MALDI-TOF
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MS (positive mode) m/z 1065 ([MþH]þ). Anal. Calcd for
C67H84N8O4: C 75.53, H 7.95, N 10.52, Found: C 75.43, H 8.14,
N 10.31.

4.2.2. 19,190-((3S,5S)-2,6-Dimethyl-3,5-propylenedioxy)di-
(3,8,12,17-tetraethyl-1,21-dihydro-2,7,13,18-tetramethyl-22H-
bilin-1-one) 8

According to a similar procedure to the preparation of 7,
a mixture of (3S,5S)-(�)-2,6-dimethyl-3,5-heptanediol (50.3 mg,
0.314 mmol) and sodium hydride (60% oil dispersion, 31.0 mg,
0.775 mmol) in dry THF (20 mL) was reacted with 6 (400 mg,
0.689 mmol) to afford 8 as a dark blue solid (17.6 mg, 0.0157 mmol,
5%): mp 210–212 �C (dec); 1H NMR (400 MHz, CDCl3) d 0.47–0.49
(d, 6H, J¼6.8 Hz, (CH3)2CH–), 0.58–0.59 (d, 6H, J¼6.8 Hz, (CH3)2CH–),
1.10–1.18 (m, 24H, CH3CH2–), 1.55 (s, 6H, CH3–), 1.63–1.69 (m, 2H,
(CH3)2CH–), 1.76 (s, 6H, CH3–), 1.92 (t, 2H, J¼6.8 Hz, –OCH-
(i-Pr)CH2CH(i-Pr)O–), 2.06 (s, 6H, CH3–), 2.11 (s, 6H, CH3–), 2.34–
2.41 (m, 8H, CH3CH2–), 2.49–2.63 (m, 8H, CH3CH2–), 4.65–4.69 (m,
2H, J¼6.8 Hz, –OCH(i-Pr)CH2CH(i-Pr)O–), 5.76 (s, 2H, meso-H), 6.24
(s, 2H, meso-H), 6.68 (s, 2H, meso-H), 10.01 (br s, 2H, NH), (two NH
proton were not observed because of rapid proton exchange);
IR (KBr) 2964, 2930, 2869, 1704, 1558, 1215 cm�1; MALDI-TOF
MS (positive mode) m/z 1121 ([MþH]þ). Anal. Calcd for
C71H92N8O4$0.5H2O: C 75.42, H 8.29, N 9.91. Found: C 75.58, H 8.62,
N 9.87.

4.2.3. ZnBL dimer 4
To a solution of 7 (40.0 mg, 0.0375 mmol) in CH2Cl2 (5 mL) was

added a solution of zinc acetate (84.0 mg, 0.382 mmol) in methanol
(3 mL), and the mixture was stirred at rt for 1 h. The solvent was
removed on a rotary evaporator, and the residue was dissolved in
CH2Cl2 (25 mL) and washed with water (20 mL�3). The organic
layer was dried over anhydrous Na2SO4, and the solvent was re-
moved by evaporation to afford 4 as a dark green solid (35.0 mg,
0.0294 mmol, 78%). Further purification was not performed be-
cause demetalation of Zn(II) might occur: mp 230–232 �C (dec); 1H
NMR (500 MHz, CDCl3) d 0.93 (d, J¼6.1 Hz, 6H for MM, –C*H(CH3)O–),
1.01–1.09 (m, 24H for MM and 24H for PM, CH3CH2–, and 6H for
PM, –C*H(CH3)O–), 1.54 (s, 3H for PM, CH3–), 1.57 (s, 6H for MM,
CH3–), 1.62 (s, 3H for PM, CH3–), 1.67 (s, 6H for MM, CH3–), 1.69 (s,
3H for PM, CH3–), 1.72 (s, 3H for PM, CH3–), 1.92 (s, 3H for PM, CH3–),
1.95 (s, 3H for PM, CH3–), 2.03–2.11 (m, 6H for PM and 12H for MM,
CH3–, and 2H for MM and 2H for PM, –C*H(CH3)CH2C*H(CH3)–),
2.24–2.59 (m, 16H for MM and 16H PM, CH3CH2–), 5.20–5.24 (m, 2H
for MM and 2H PM, –C*H(CH3)O–), 5.48 (s, 1H for PM, meso-H), 5.50
(m, 2H for MM and 1H for PM, meso-H), 6.44 (s, 1H for PM, meso-H),
6.46 (s, 1H for PM, meso-H), 6.47 (s, 1H for PM, meso-H), 6.49 (s, 2H
for MM, meso-H), 6.50 (s, 2H for MM, meso-H), 6.55 (s, 1H for PM,
meso-H); IR (KBr) 2964, 2931, 2869, 1652, 1558, 1207 cm�1; MALDI-
TOF MS (positive mode) m/z 1188 (Mþ). Anal. Calcd for
C67H80N8O4Zn2: C 67.50, H 6.76, N 9.40. Found: C 67.40, H 6.94,
N 9.47.

4.2.4. ZnBL dimer 5
According to the procedure described for 4, the reaction of 8

(25.0 mg, 0.0223 mmol) in CH2Cl2 (5 mL) with zinc acetate (49 mg,
0.223 mmol) in methanol (2 mL) afforded 5 as a dark green solid
(22.3 mg, 0.0178 mmol, 80%): mp >250 �C (dec); 1H NMR
(500 MHz, CDCl3) d 0.46 (d, J¼6.7 Hz, 6H for PP, (CH3)2CH–), 0.60 (d,
J¼6.7 Hz, 6H for PP, (CH3)2CH–), 1.05–1.17 (m, 24H for PP, CH3CH2–),
1.53 (s, 6H for PP, CH3–), 1.63 (s, 6H for PP, CH3–), 1.79–1.80 (m, 2H
for PP, (CH3)2CH–), 1.98–1.99 (m, 2H for PP, –OCH(i-Pr)CH2CH(i-
Pr)O–), 2.08 (s, 6H for PP, CH3–), 2.09 (s, 6H for PP, CH3–), 2.28–2.63
(m, 16H for PP, CH3CH2–), 4.52 (m, 2H for PP, –OCH(i-Pr)CH2CH-
(i-Pr)O–), 5.55 (s, 2H for PP, meso-H), 6.57 (s, 2H for PP, meso-H),
6.59 (s, 2H for PP, meso-H); IR (KBr) 2962, 2931, 2869, 1652, 1558,
1207 cm�1; MALDI-TOF MS (positive mode) m/z 1244 (Mþ). Anal.
Calcd for C71H88N8O4Zn2$2H2O: C 66.39, H 7.22, N 8.72. Found: C
66.21, H 7.56, N 8.59.

4.3. Typical procedure for the pitch measurement

Helical pitch measurements of chiral nematic liquid crystal
(N* LC) were carried out according to the droplet method. A typical
procedure is described as follows. The dimer 4 (1.21 mg,
0.00101 mmol) was added to MBBA (107 mg, 0.400 mmol), and
a homogeneous solution was prepared by heating the mixture to
60 �C with stirring followed by cooling to rt. Thus, a 0.252 mol %
solution of 4 in MBBA was obtained. Then, a small portion of the LC
solution was suspended in glycerol (1 mL). A small amount of the
suspension was mounted on a glass slide, and viewed through the
polarizing microscope. The spiral pattern of a droplet of the LC
solution was photographically recorded to reveal a pitch of 1.0 mm.
The other pitch measurements were also carried out in the same
way.

4.4. Determination of the helical twisting powers bM

In order to determine the bM values, the pitch measurements
were carried out in the presence of varying concentrations of 3
(0.5–0.9 mol %), 4 (0.1–0.2 mol %), and 5 (0.03–0.05 mol %) in MBBA,
as mentioned above (the bM for 2 has already been reported in Ref.
11). The inverse of the N* LC pitch (p�1) proportionally increased
with the increase in the mole fraction of the dopant (c), as shown in
Figure 6. According to Eq. 2, the values of bM were determined by
the linear least-squares fitting of the plots to be þ280, �400, and
þ1800 mm�1 for the 3-, 4-, and 5-MBBA systems, respectively.
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