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Macrocyclic alkene containing bisimidazole showing molecular asymmetry, which is synthesized by ring-closing
metathesis, is subjected to several functional group transformation reactions of the olefin moiety. Syn-addition reactions
such as epoxidation, dihydroxylation, and hydrogenation are found to proceed whereas anti-addition does not proceed.
Optical resolution of racemic bisimidazole is successfully achieved with a preparative chiral column. Racemization
behaviors of bisimidazole derivatives are also studied under several conditions.

Molecular asymmetry, which does not involve stereogenic
carbon but exhibits chirality, attracts considerable attention in
a wide range of organic chemistry.1 In particular, axially-chiral
biaryl derivatives are known as a valuable catalyst in organo-
catalysis as well as ligands for a wide variety of metal-
catalyzed asymmetric synthesis to induce chirality onto organic
molecules by si/re face selection to sp2 carbon,2 desymmet-
rization of prochiral bifunctional compounds, kinetic resolution
based on a chiral carbogenic center, etc.3 We have recently
reported that ring-closing metathesis (RCM)4 of a bisbenz-
imidazole derivative bearing an ω-olefinic substituent at the
nitrogen atom 1 leads to the formation of macrocyclic alkene
2, which shows novel molecular asymmetry, as shown in
Scheme 1.5 The chirality is axially chiral caused by the restric-
tion of free rotation of the carbon­carbon bond between
imidazole rings by ring closure.6 It is also recognized as helical
chirality by the left or right-handed helicity of the alkylene
chain between bisimidazole rings7 as morning glory vine
propagates along with a supporting bar composed of rigid
(hetero)biaryl. In addition, the carbon­carbon double bond
formed by RCM would also induce facial chirality,8 one of
whose face is covered with the bisimidazole structure. Thus,
2 showing chirality is categorized as a new class of molec-
ular asymmetry, which has not been reported so far, named
winding-vine-shaped molecular asymmetry.9 The structure of

the RCM product was clarified by X-ray crystal structure
analysis, which showed formation of enantiopair in the single
crystal, and that the molecule was shown to be separated
analytically by HPLC with a chiral column. Accordingly, our
concern is turned to further understanding of such novel molec-
ular asymmetry.5,9 We herein describe transformation of the
olefinic moiety to introduce functional groups, optical reso-
lution of the thus formed racemic 2 with a preparative chiral
column, and racemization behaviors of 2 and the derivatives.

Results and Discussion

We first set out studies on the functionalization of the olefin
moiety of 2 formed by ring-closing metathesis with a ruthe-
nium catalyst. Several addition reactions at the carbon­carbon
double bond can be designed as summarized in Scheme 2.
When macrocyclic bisimidazole 2 was treated with oxone
(NaHSO5) in acetone/water (1:1), the corresponding epoxide 3
was obtained in 62% yield.10 Since the reaction is well known
to proceed in a syn-addition manner by the in situ formed
dioxirane derived from acetone, the thus formed two stereo-
genic centers in 3 would possibly form diastereomeric isomers.
However, HPLC analysis of 3 with a chiral column only
displayed two detectable peaks based on the racemate and
1HNMR analysis did not suggest the presence of diaster-
eoisomers. Dihydroxylation proceeded catalyzed by potassium
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Scheme 1. Formation of macrocyclic bisazole 2 by RCM.
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osmate (K2OsO4¢H2O) (10mol%) in the presence of N-
methylmorpholine N-oxide (NMO) as an oxidant to give cis-
diol 4 in 90% yield.11 The diasteroisomer of 4 was not ob-
served by 1HNMR analyses similar to the case of 3. Hydro-
genation was also found to take place with Pd/C as a catalyst
under hydrogen atmosphere (1 atm) to afford saturated product
5 in 96% yield,12 whose facial chirality arising from the C­C
double bond disappeared but may still involve potential helical
and axial chiralities whereas separation of the racemate of 5
has not been achieved by HPLC with a chiral column. On the
other hand, addition of iodine to the double bond of 2 did not
occur at all to result in recovery of the starting material.

These reactions suggested that syn-addition to the carbon­
carbon double bond occurred smoothly whereas the reaction
known to proceed in an anti-addition manner did not take
place. The results would be caused by the effective block of a
face of the carbon­carbon double bond by bisimidazole rings
albeit possible formation of iodonium salt on the unblocked
face of olefin. The shielded bisbenzimidazole moiety would not
allow the resulting attack of iodide ion, bringing about no
reaction. Attempted ring opening of epoxide 3 with Me2CuLi,13

which would proceed by the attack of the methyl group in a
SN2 manner leading to the ring-opened product, was also
examined to result in no reaction (recovery of 60% 3) as shown
in Scheme 2 (ii).

In addition to analytical HPLC of 2 with a chiral column to
separate two peaks of the racemic mixture, separation of the

enantiomer with a preparative chiral column has also been suc-
cessful to result in clear base-line separation to isolate isomers
of faster elute (+)-2 ([α]D = +136°) and the second (¹)-2
([α]D = ¹145°).9 Although X-ray analysis to clarify crystal
structure of each enantiomer had been attempted, it was found
that the separated enantiomer showed amorphous character-
istics and thus caused difficulties in obtaining a single crystal
of (+)- or (¹)-2.14 Indeed, XRD analysis of the enantiopure 2
only showed broad signals, while that of the racemate («)-2
indicated sharp peaks suggesting the good crystallinity as
shown in Figure 1a and Figure 1b. Measurement of circular
dichroism (CD) spectra was also performed as shown in
Figure 2. Both peaks of each enantiomer showed symmetric
signals to suggest that the two separated products are actually
both enantiomers of 2. The CD spectra indicated positive
Cotton effect in (+)-2 and the negative one in (¹)-2 at ca. 290
nm, respectively, and the peaks are close to the ­max of the UV­
vis spectrum of 2 (Figure 2).

We also studied racemization behaviors of bisimidazole
derivatives of molecular asymmetry. Accompanied by bisbenz-
imidazole 2 several other bisimidazole derivatives were also
prepared and subjected to resolution with a chiral column.
Macrocyclic alkene 6 composed of 4,5-dibromoimidazole rings
was prepared from 2,4,5-tribromoimidazole through N-alkyl-
ation with 4-bromo-1-butene followed by debrominative
homocoupling leading to the metathesis precursor. The RCM
reaction of the thus obtained product afforded the correspond-
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Scheme 2. (i) Addition reaction to the alkene of 2 (a) oxone (2.0 equiv), acetone:H2O = 1:1, 60 °C, 12 h. (b) K2OsO4¢2H2O
(10mol%), NMO (1.5 equiv), acetone:H2O = 1:1, r.t., 15 h. (c) Pd/C (10mol%), MeOH, H2 (1 atm) r.t., 24 h. (d) I2 (1.0 equiv),
CHCl3, r.t., 8 h. (ii) Attempted ring opening of epoxide 3 with Me2CuLi.
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ing 4,4¤,5,5¤-tetrabromobisimidazole 6.9 Resolution was then
carried out in a similar manner with preparative chiral column
(DAICEL CHIRALPAK-IF) to afford (+)- and (¹)-6. The
separated enantiomers exhibited [α]D values of +54° ((+)-6)
and [α]D = ¹51° ((¹)-6), respectively. Furthermore, several
functional group transformations were also conducted with
the optically active 6. Cross coupling with arylboronic acid was
carried out as reported previously with slight racemization to
afford 7 in 91% ee.9,15,16 Treatment of 6 with two equivalents
of Grignard reagent EtMgCl underwent the 4,4¤-selective
debrominative protonation via halogen­metal exchange leading
to 8,17 in which decrease of the optical purity was hardly
observed under the reaction conditions. The enantioenriched
epoxide 3 was obtained by oxidation of the resolved 2
(Scheme 3).

The obtained bisimidazole derivatives were thereby subject-
ed to study racemization behaviors. Macrocyclic compounds
2, 3, 6, 7, and 8were heated at 80, 100, and 140 °C, respectively,
in 1,2-dichloroethane or chlorobenzene. Figures 3a­3c shows
the relationship of the enantiomeric excess of the bisimidazole
derivatives with the time conversion, which were analyzed
by HPLC (DAICEL CHIRALPAK IF), at each temperature.
Enantiomeric excess of bisbenzimidazole 2, tetrakis(tolylated)-
bisimidazole 7, and 4,4¤-dibromobisimidazole 8 were found to
decrease slowly at 80 °C. In contrast, little racemization of
epoxide 3 and tetrabromobisimidazole 6 was observed. When
the temperature was raised to 100 °C, 2, 7, and 8 racemized
faster than those at 80 °C. By contrast, the enantiopurities of
3 and 6 were kept higher even after 24 h. Racemization of 2, 7,
and 8 occurred immediately at 140 °C while that of 6 was
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Figure 1. XRD analysis of (a) racemic benzimidazole deriv-
ative 2 and (b) enantiopure benzimidazole derivative 2.
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Figure 2. UV spectrum of benzimidazole derivative 2 and
CD spectra of (+)-2 (solid) and (¹)-2 (dotted).
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relatively slower. It should be pointed out that enantiomeric
excess of 3 bearing epoxide did not decrease at all even at such a
high temperature with a marked contrast to other bisimidazole
derivatives. Considering the racemization of bisimidazole
derivatives, inversion of facial chirality is induced along with
rotation of azole­azole bond as well as helicity of the alkylene
chain.19 Introduction of the epoxy ring to the olefin moiety
would inhibit rotation of the epoxy ring into the proximal side
to the imidazole rings because of steric repulsion compared
with the corresponding C­C double bond and thus rotation of
the imidazole­imidazole bond was not induced, accordingly.
Although attempted racemization studies of 5 has not yet been
achieved due to analytical difficulties by HPLC with a chiral
column, racemization of 5 would be easier than that of 2 bear-
ing olefin probably because of more flexible rotation of sp3

methylene groups.

Conclusion

In summary, we have shown that functional group trans-
formations of olefin moiety of novel bisimidazole derivatives
of molecular asymmetry are achieved with several addition
reactions that proceed in a syn manner. These addition reac-
tions were suggested to proceed diastereoselectively because
of the steric barrier caused by aromatic rings of bisimidazole.
Successful resolution of the enantiomer of macrocyclic
bisimidazole derivatives with a chiral column was shown in a
preparative manner to isolate enantiopure bisbenzoimidazole
and tetrabrominated bisimidazole. Studies on racemization
behaviors revealed that several imidazole derivatives do not
racemize up to 80 °C and slow racemization started to occur
whereas the rate of racemization depended on the structure.
Introducing epoxide to this macrocyclic alkene remarkably
inhibited the racemization due to increasing of the activation
energy for the rotation of the azole­azole bond. These results
provide deeper understanding of the nature of a series of
winding-vine-shaped molecular asymmetric compounds and
further molecular design of such derivatives.

Experimental

General. NMR spectra were measured on a BRUKER
Avance-500 (500MHz for 1H; 125MHz for 13C) at the Center
for Support of Research and Education Activities of Kobe
University. The chemical shifts are expressed in ppm with
CDCl3 (7.26 ppm for 1H; 77.0 ppm for 13C), DMSO-d6 (2.54
ppm for 1H; 39.5 ppm for 13C) as internal standards. IR spectra
were recorded on a Bruker Alpha with an ATR attachment
(Ge). UV spectrum was measured by an ALS SEC-2000 UV/
vis spectrometer. High resolution mass spectra (HRMS) were
measured on a JEOL JMS-T100LP AccuTOF LC-Plus (ESI)
with a JEOL MS-5414DART attachment. HPLC analysis was
carried out with a JASCO LC-2000 Plus with chiral column
Daicel Chiralpak IF (0.46 cm I.D. © 25 cm, flow rate: 1.0
mLmin¹1) using hexane/ethanol (1:1) as an eluent and UV
(254 nm) detector. Optical rotation was measured on a Horiba
SEPA-300 polarimeter or JASCO P-2100 as a solution in a
1 dm3 cell. CD spectrum was measured on a JASCO J-820
spectrometer. XRD analysis was carried out with a RINT-
Ultima+2200. For thin layer chromatography (TLC) analyses
throughout this work, Merck precoated TLC plates (silica gel
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Figure 3. Racemization behavior of macrocyclic com-
pounds 2, 3, 6, 7, and 8 (a) at 80 °C in 1,2-dichloroethane
(b) at 100 °C in chlorobenzene, and (c) at 140 °C in chloro-
benzene. Enantiomeric excess was measured by HPLC
analysis with a chiral column.
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60 F254) were used. Purification by HPLC with preparative SEC
column (JAI-GEL-2H) was performed by JAI LC-9201.

Epoxidation of Macrocyclic Alkene 2. To a 25mL
Schlenk tube equipped with a magnetic stirring bar were added
macrocyclic alkene 2 (31.4mg, 0.1mmol), anhydrous acetone
(0.5mL), and water (0.5mL) under air atmosphere at room
temperature. Then oxone (123mg, 0.2mmol) was added and
stirring was continued for 12 h at 60 °C to confirm completion
of the reaction by TLC analysis. Water was added to quench the
reaction and the organic layer was separated. The aqueous layer
was extracted with dichloromethane and the combined organic
layers were dried over anhydrous magnesium sulfate. The
solution was concentrated under reduced pressure to leave a
crude solid, which was purified by flash column chromatog-
raphy on silica gel using hexane/isopropyl acetate (1:1) as an
eluent to afford the corresponding epoxide 3 (20.6mg, 62%).
IR (ATR): 3053, 2963, 2925, 1484, 1460, 1421, 1382, 1357,
1333, 1283, 1246, 1185, 1157, 1134, 1007, 962, 922, 878, 798,
748 cm¹1. 1HNMR (500MHz, CDCl3): ¤ 1.14­2.24 (m, 2H),
1.58 (d, J = 9.69Hz, 2H), 2.32 (d, J = 14.0Hz, 2H), 4.50 (d,
J = 14.6Hz, 2H), 5.10 (t, J = 14.6Hz, 2H), 7.36­7.47 (m, 6H),
7.88­7.94 (m, 2H). 13CNMR (125MHz, CDCl3): ¤ 32.4, 40.5,
54.8, 110.1, 120.8, 123.4, 124.4, 134.0, 142.6, 143.5. HRMS
(DART+) calcd. for C20H19N4O+ ([M + H]+) 331.1559, found
331.1551.

Dihydroxylation of Macrocyclic Alkene 2. To a 25mL
Schlenk tube equipped with a magnetic stirring bar were added
K2OsO4¢H2O (4mg, 0.01mmol), NMO (62.5¯L, 0.3mmol)
anhydrous acetone (0.5mL), and water (0.5mL) under air
atmosphere at room temperature. Then macrocyclic alkene 2
(62.8mg, 0.2mmol) was added and stirring was continued for
12 h at room temperature to confirm completion of the reac-
tion by TLC analysis. Water was added to quench the reaction
and the organic layer was separated. The aqueous layer was
extracted with dichloromethane and the combined organic
layers were dried over anhydrous magnesium sulfate. The
solution was concentrated under reduced pressure to leave a
crude solid, which was purified by flash column chromatog-
raphy on silica gel using dichloromethane/MeOH (10:1) as an
eluent to afford the corresponding 4 (62.7mg, 90%). Attempted
HPLC analysis with a chiral column has not been successful
so far. IR (ATR): 3330, 2929, 1464, 1417, 1369, 1281, 1240,
1202, 1167, 1158, 1124, 1098, 1064, 1019, 933, 902, 844, 811,
799 cm¹1. 1HNMR (300MHz): ¤ 1.63­1.73 (m, 2H), 1.98­
2.08 (m, 2H), 2.24­2.32 (m, 2H), 4.03 (dt, J = 4.0, 14.5Hz,
2H), 4.23 (d, J = 7.7Hz, 2H), 4.66 (dd, J = 5.2, 15.1Hz, 2H),
7.43 (dt, J = 1.1, 7.6Hz, 2H), 7.50 (dt, J = 1.1, 7.7Hz, 2H),
7.87 (d, J = 8.0Hz, 2H), 7.90 (d, J = 8.0Hz, 2H). 13CNMR
(125MHz): ¤ 31.0, 40.9, 62.9, 112.1, 120.2, 123.1, 124.0,
133.8, 142.7, 144.1. HRMS (DART+) calcd for C20H21N4O2

+

([M + H]+) 349.1665, found 349.1659.
Hydrogenation of Macrocyclic Alkene 2. To a 25mL

Schlenk tube equipped with a magnetic stirring bar were added
macrocyclic alkene 2 (31.4mg, 0.1mmol), Pd/C (10.6mg
0.01mmol), and anhydrous methanol (1.0mL), under nitrogen
atmosphere at room temperature. Then stirring was continued
for 20 h at room temperature under H2 atmosphere to confirm
completion of the reaction by NMR analysis. The reaction
solution was purified by flash column chromatography on silica

gel using hexane/ethyl acetate (1:1) as an eluent to afford the
corresponding macrocyclic alkane 5 (30.6mg, 96%). IR (ATR):
2940, 1468, 1457, 1427, 1416, 1364, 1330, 1281, 1245, 1166,
746, 721, 664 cm¹1. 1HNMR (500MHz, CDCl3): ¤ 0.22
(d, J = 11.4Hz, 2H), 0.95­1.10 (br, 2H), 1.36 (t, J = 13.5Hz,
2H), 2.00­2.12 (m, 2H), 4.35­4.44 (m, 4H), 7.34­7.42 (m,
4H), 7.46­7.51 (m, 2H), 7.86­7.91 (m, 2H) 13CNMR (125
MHz, CDCl3): ¤ 25.6, 32.8, 41.4, 110.9, 120.8, 123.0, 123.8,
133.8, 143.2, 144.8. HRMS (DART+) calcd. for C20H21N4

+

([M + H]+) 317.1766, found 317.1737.
Preparation of Di([d]-4,5-dibromoimidazo)[1,2-a:2,1-c]-

1,8-diaza-7-(E)-cyclodecene 6. To a 25mL Schlenk tube
equipped with a magnetic stirring bar were added 4,4¤,5,5¤-
tetrabromobisimidazole (0.83 g, 1.5mmol) and 1,2-dichloro-
ehtane (15mL) under a nitrogen atmosphere at room temper-
ature. Then, ZnI2 (95mg, 0.30mmol) was added and stirring
was continued for 0.5 h at room temperature. Grubbs 2nd
generation catalyst (63mg, 0.075mmol) was added and the
resulting mixture was stirred for 24 h at 80 °C. The reaction was
confirmed to be complete by TLC analysis. Water was added to
quench the reaction and the organic layer was separated. The
aqueous layer was extracted with chloroform and the combined
organic layers were dried over anhydrous magnesium sulfate.
The solution was concentrated under reduced pressure to leave
a crude solid, which was purified by flash column chromatog-
raphy on silica gel using hexane/isopropyl alcohol (5:1) as an
eluent to afford 6 (42mg, 50%). IR (ATR): 2962, 2922, 1482,
1454, 1438, 1412, 1394, 1383, 1357, 1328, 1287, 1229, 1206,
1158, 1105, 1095, 1071, 1005, 973, 923, 908, 886, 802, 729,
680, 646, 628, 616 cm¹1. 1HNMR (500MHz): ¤ 1.90­2.02
(m, 2H), 2.26­2.34 (m, 2H), 4.13­4.31 (m, 4H), 4.40­4.52 (m,
2H). 13CNMR (125MHz): ¤ 33.1, 45.8, 105.4, 116.7, 129.0,
139.5. HRMS (DART+) calcd. for C12H11Br4N4

+ ([M + H]+)
530.7677, found 530.7629.

Preparation of (¹)-Di([d]-4,5-di(4-methyphenyl)imidazo)-
[1,2-a:2,1-c]1,8-diaza-7(E)-cyclodecene 7. To a 25mL
Schlenk tube equipped with a magnetic stirring bar were
added [Pd2(dba)3]¢CHCl3 (14mg, 0.014mmol), PPh3 (29mg,
0.11mmol), and anhydrous DMF (0.5mL) under a nitrogen
atmosphere at room temperature. After stirring for 0.5 h at
room temperature, chiral (¹)-6 (49mg, 0.092mmol, 99% ee),
which was separated with a preparative chiral column (Daicel
Chiralpak IF) using hexane/ethanol = 1:1 as an eluent, dis-
solved in 1.0mL of DMF was added to the mixture. Then, 4-
methylphenylboronic acid pinacol ester (0.120 g, 0.55mmol)
and potassium carbonate (0.10 g, 0.73mmol) were added.
Further stirring was continued for 90 h at 80 °C and comple-
tion of the reaction was confirmed by TLC analysis. Water
was added to quench the reaction and the organic layer was
separated. The aqueous layer was extracted with chloroform
and the combined organic layers were dried over anhydrous
magnesium sulfate. The solution was concentrated under
reduced pressure to leave a crude oil, which was purified by
flash column chromatography on silica gel using hexane/
isopropyl acetate (5:1) as an eluent to afford the corresponding
coupling product (¹)-7 (30mg, 52%). The enantioselectivity
was estimated by HPLC analysis with a chiral column (Daicel
IF) using hexane/ethanol = 1:1 as an eluent to exhibit 91% ee.
½��24D ¼ �76:8 (c 1.0, CHCl3); IR (ATR): 3022, 2963, 2920,
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1558, 1543, 1520, 1492, 1545, 1422, 1405, 1373, 1354, 1338,
1323, 1232, 1204, 1183, 1120, 974, 963, 823, 739 cm¹1.
1HNMR (300MHz): ¤ 1.75­1.93 (m, 2H), 1.99­2.11 (m, 2H),
2.28 (s, 6H), 2.46 (s, 6H), 3.93 (d, J = 13.9Hz, 2H), 4.48
(t, J = 12.9Hz, 2H), 4.57­4.69 (m, 2H), 7.02 (d, J = 8.1Hz
4H), 7.32 (dd, J = 8.4, 10.3Hz, 8H), 7.44 (d, J = 8.03
Hz, 4H). 13CNMR (125MHz): ¤ 21.1, 21.4, 34.0, 53.4,
126.4, 128.8, 129.4, 129.7, 130.0, 130.2, 130.9, 131.0. HRMS
(DART+) calcd. for C40H39N4

+ ([M + H]+) 575.3175, found
575.3181.

Preparation of (+)-Di([d]-4-bromoimidazo)[1,2-a:2,1-c]-
1,8-diaza-7(E)-cyclodecene 8. To a 25mL Schlenk tube
equipped with a magnetic stirring bar were added chiral
macrocyclic alkene (¹)-6 (38.5mg, 0.073mmol, 99% ee) and
anhydrous tetrahydrofuran (THF) under nitrogen atmosphere at
room temperature. Then 0.93M EtMgCl in THF was added
slowly at 0 °C, and the resulting mixture was stirred for 5 h at
room temperature. Water was added to the reaction mixture to
stop the reaction and the organic layer was extracted with
chloroform. After concentration under reduce pressure, the
residue was purified by flash column chromatography on
silica gel using hexane/iPrOAc (1:1) as an eluent to afford the
corresponding (+)-8 (15.7mg, 58%). The enantioselectivity
was estimated by HPLC analysis with a chiral column (Daicel
Chiralpak IF) using hexane/ethanol = 1:1 as an eluent to
exhibit 93% ee. IR (ATR): 3137, 2919, 2850, 1500, 1455,
1421, 1407, 1394, 1354, 1289, 1240, 1158, 1122, 1055, 1004,
980, 956, 926, 802, 755, 741 cm¹1. 1HNMR (300MHz):
¤ 2.21­2.30 (m, 2H), 2.62 (d, J = 12.8Hz, 2H), 4.29 (dt,
J = 14.0, 3.47, 2H), 4.54 (ddd, J = 2.29, 12.9, 14.0Hz, 2H),
4.77­4.81 (m, 2H), 7.54 (s, 2H). 13CNMR (125MHz): ¤ 35.0,
46.2, 114.7, 120.0, 129.7, 139.0. HRMS (DART+) calcd. for
C12H12N4Br2+ ([M + H]+) 372.9487, found 372.9489.

Preparation of Chiral Epoxide 3. To a 25mL Schlenk
tube equipped with a magnetic stirring bar were added chiral
macrocyclic alkene 2 (31.4mg, 0.1mmol, 99% ee) and CHCl3
(1.0mL) under aerobic atmosphere at 60 °C. Then, mCPBA
(54mg, 0.5mmol) was added and stirring was continued for
16 h at 60 °C to confirm completion of the reaction by TLC
analysis. Water was added to quench the reaction and the
organic layer was separated. The aqueous layer was extracted
with dichloromethane and the combined organic layers were
dried over anhydrous magnesium sulfate. The solution was
concentrated under reduced pressure to leave a crude solid,
which was purified by flash column chromatography on silica
gel using hexane/isopropyl acetate (1:1) as an eluent to afford
the corresponding epoxide 3 (11.6mg, 35%). The enantio-
selectivity was estimated by HPLC analysis with a chiral
column (Daicel IF) using hexane/ethanol = 1:1 as an eluent to
exhibit 99% ee. ½��24D ¼ þ41:4 (c 0.39 CHCl3).
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Supporting Information

Further experimental details, HPLC profiles on racemization
behaviors, and spectroscopic data. This material is available
free of charge on J-STAGE.

References

1 a) E. L. Eliel, S. H. Wilen, M. P. Doyle, Basic Organic
Stereochemistry, Wiley, New York, 2001, pp. 608­648. b) R.
Adams, H. C. Yuan, Chem. Rev. 1933, 12, 261.

2 a) L. Yin, Y. Bao, N. Kumagai, M. Shibasaki, J. Am. Chem.
Soc. 2013, 135, 10338. b) R. Yazaki, N. Kumagai, M. Shibasaki,
J. Am. Chem. Soc. 2010, 132, 10275. c) T. Nishimura, T. Sawano,
S. Tokuji, T. Hayashi, Chem. Commun. 2010, 46, 6837. d) D. L.
Usanov, H. Yamamoto, J. Am. Chem. Soc. 2011, 133, 1286.

3 a) M. Kawatsura, S. Terasaki, M. Minakawa, T. Hirakawa,
K. Ikeda, T. Itoh, Org. Lett. 2014, 16, 2442. b) B.-L. Lei, Q.-S.
Zhang, W.-H. Yu, Q.-P. Ding, C.-H. Ding, X.-L. Hou, Org. Lett.
2014, 16, 1944. c) S. Shirakawa, X. Wu, K. Maruoka, Angew.
Chem., Int. Ed. 2013, 52, 14200. d) M. Ogasawara, W.-Y. Wu, S.
Arae, S. Watanabe, T. Morita, T. Takahashi, K. Kamikawa, Angew.
Chem., Int. Ed. 2012, 51, 2951.

4 a) G. C. Vougioukalakis, R. H. Grubbs, Chem. Rev. 2010,
110, 1746. b) R. R. Schrock, J. Mol. Catal. A: Chem. 2004, 213,
21. c) J. Hartung, P. K. Dornan, R. H. Grubbs, J. Am. Chem. Soc.
2014, 136, 13029.

5 a) S. Nishio, T. Somete, A. Sugie, T. Kobayashi, T. Yaita,
A. Mori, Org. Lett. 2012, 14, 2476. See also: b) S. Mitsuda, T.
Fujiwara, K. Kimigafukuro, D. Monguchi, A. Mori, Tetrahedron
2012, 68, 3585. c) D. Monguchi, A. Yamamura, T. Fujiwara, T.
Somete, A. Mori, Tetrahedron Lett. 2010, 51, 850. d) D.
Monguchi, T. Fujiwara, H. Furukawa, A. Mori, Org. Lett. 2009,
11, 1607.

6 a) R. Noyori, Angew. Chem., Int. Ed. 2002, 41, 2008. b) R.
Noyori, H. Takaya, Acc. Chem. Res. 1990, 23, 345.

7 a) J. Chen, N. Takenaka, Chem.®Eur. J. 2009, 15, 7268.
b) S. Schenker, A. Zamfir, M. Freund, S. B. Tsogoeva, Eur. J. Org.
Chem. 2011, 2209.

8 a) N. A. Butt, D. Liu, W. Zhang, Synlett 2014, 25,
615. b) M. Murai, J. Uenishi, M. Uemura, Org. Lett. 2010, 12,
4788.

9 Enantioselective RCM of bisimidazole 1 catalyzed by
chiral Mo complex was also achieved: Y. Okayama, S. Tsuji, Y.
Toyomori, A. Mori, S. Arae, W.-Y. Wu, T. Takahashi, M.
Ogasawara, Angew. Chem., Int. Ed. 2015, 54, 4927.
10 a) R. W. Murray, Chem. Rev. 1989, 89, 1187. b) R. Curci,

M. Fiorentino, L. Troisi, J. O. Edwards, R. H. Pater, J. Org. Chem.
1980, 45, 4758.
11 a) S. Kobayashi, M. Endo, S. Nagayama, J. Am. Chem. Soc.

1999, 121, 11229. b) G. Mehta, S. S. Ramesh, Tetrahedron Lett.
2003, 44, 3105.
12 a) A. Fürstner, F. Feyen, H. Prinz, H. Waldmann,

Tetrahedron 2004, 60, 9543. b) K. Mori, Tetrahedron: Asymmetry
2008, 19, 857.
13 P. Crotti, L. Favero, C. Gardelli, F. Macchia, M. Pineschi,

J. Org. Chem. 1995, 60, 2514.
14 The X-ray crystal structure and the absolute configuration

of optically active 2 was revealed by crystal sponge methodology.
S. Yoshioka, Y. Inokuma, M. Hoshino, T. Satow, M. Fujita, Chem.
Sci., 2015, 6, 3765; See also: Y. Inokuma, S. Yoshioka, J. Ariyoshi,
T. Arai, Y. Hirota, K. Takada, S. Matsunaga, K. Rissanen, M.
Fujita, Nature 2013, 495, 461.

1336 | Bull. Chem. Soc. Jpn. 2015, 88, 1331–1337 | doi:10.1246/bcsj.20150164 © 2015 The Chemical Society of Japan

http://dx.doi.org/10.1021/cr60042a003
http://dx.doi.org/10.1021/ja4059316
http://dx.doi.org/10.1021/ja4059316
http://dx.doi.org/10.1021/ja105141x
http://dx.doi.org/10.1039/c0cc02181d
http://dx.doi.org/10.1021/ja1102822
http://dx.doi.org/10.1021/ol5008229
http://dx.doi.org/10.1021/ol500498m
http://dx.doi.org/10.1021/ol500498m
http://dx.doi.org/10.1002/anie.201308237
http://dx.doi.org/10.1002/anie.201308237
http://dx.doi.org/10.1002/anie.201108292
http://dx.doi.org/10.1002/anie.201108292
http://dx.doi.org/10.1021/cr9002424
http://dx.doi.org/10.1021/cr9002424
http://dx.doi.org/10.1016/j.molcata.2003.10.060
http://dx.doi.org/10.1016/j.molcata.2003.10.060
http://dx.doi.org/10.1021/ja506611k
http://dx.doi.org/10.1021/ja506611k
http://dx.doi.org/10.1021/ol300755y
http://dx.doi.org/10.1016/j.tet.2012.03.001
http://dx.doi.org/10.1016/j.tet.2012.03.001
http://dx.doi.org/10.1016/j.tetlet.2009.12.016
http://dx.doi.org/10.1021/ol900298e
http://dx.doi.org/10.1021/ol900298e
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO%3B2-4
http://dx.doi.org/10.1021/ar00178a005
http://dx.doi.org/10.1002/chem.200900607
http://dx.doi.org/10.1002/ejoc.201001538
http://dx.doi.org/10.1002/ejoc.201001538
http://dx.doi.org/10.1055/s-0033-1340487
http://dx.doi.org/10.1055/s-0033-1340487
http://dx.doi.org/10.1021/ol1019376
http://dx.doi.org/10.1021/ol1019376
http://dx.doi.org/10.1002/anie.201500459
http://dx.doi.org/10.1021/cr00095a013
http://dx.doi.org/10.1021/jo01311a040
http://dx.doi.org/10.1021/jo01311a040
http://dx.doi.org/10.1021/ja993099m
http://dx.doi.org/10.1021/ja993099m
http://dx.doi.org/10.1016/S0040-4039(03)00516-1
http://dx.doi.org/10.1016/S0040-4039(03)00516-1
http://dx.doi.org/10.1016/j.tet.2004.06.139
http://dx.doi.org/10.1016/j.tetasy.2008.03.016
http://dx.doi.org/10.1016/j.tetasy.2008.03.016
http://dx.doi.org/10.1021/jo00113a035
http://dx.doi.org/10.1039/C5SC01681A
http://dx.doi.org/10.1039/C5SC01681A
http://dx.doi.org/10.1038/nature11990
http://dx.doi.org/10.1246/bcsj.20150164


15 N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457.
16 The ee value of (¹)-7 after the coupling reaction at 80 °C

reasonably corresponds to that in the racemization study described
in Figure 3a.
17 The product was compared with the authentic 4,4¤-dibromo

derivative, which was synthesized previously. See ref 9.

18 Although the use of oxone as an oxidant resulted in a
superior yield, slight racemization was observed. (>99% ee to
90% ee).
19 The Gibbs free energy for the racemization of 2 at 100 °C

has been estimated as 130 kJmol¹1 in our previous report.9

Bull. Chem. Soc. Jpn. 2015, 88, 1331–1337 | doi:10.1246/bcsj.20150164 © 2015 The Chemical Society of Japan | 1337

http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1246/bcsj.20150164

