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ABSTRACT: The title compound was found to form an inclusion complex crystal with various kinds of guests. It was
also found that crystalline lattice of some inclusion complex is chiral. By an enantioselective inclusion complexation
in the chiral lattice, the racemic guest was resolved. The chiral crystalline lattice was studied by X-ray analysis. Solid-
state synthesis of the title host compound is also described. Copyright 2000 John Wiley & Sons, Ltd.
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It is known that some achiral molecules are arranged in a
chiral form in their own crystals and their solid-state
reaction gives chiral products.1 In the case that achiral
molecules cannot arrange in a chiral form in their own
crystals, a chiral host molecule assists to arrange these
achiral molecules in a chiral form in their host–guest
inclusion complex crystal which upon solid-state reaction
gives chiral product.2 We have been looking for an
achiral host compound which arranges in a chiral form to
form a chiral inclusion crystalline lattice and have finally
found that the title achiral compound2 forms chiral
crystalline lattice in which guest molecules are accom-
modated. X-ray analysis of a chiral 1:3 inclusion
compound of2 with cyclopentanone showed that the
chirality is induced by the formation of chiral helix of2
molecules through their hydrogen bond network.

Although the title compound2 is important as a
material,3 its most reasonable synthetic method, trimer-
ization of catechol1 in solution, is not effective. Heating
of a solution of1 in the presence of FeCl3 gives2 as a
brown crystal in 2% yield. This synthetic method is rather
complicated and gives colored impure2 in low yield.
Although a convenient trimerization method of catechol
dialkyl ether in the presence of MoCl5 in CH2Cl2 to give
hexaalkyl ether of2 has been reported,4 its conversion to
2 by an ether bond cleavage is very difficult. We report a
simple synthetic method in the solid state which gives
colorless2 in relatively high yield. We also report that2

shows inclusion ability for various kinds of guest
compounds, and that2 forms achiral inclusion crystalline
lattice with some guest molecules. The chiral structure
was proven by measurement of CD spectra in Nujol mull
and X-ray crystal structure analysis for a 1:3 inclusion
complex of2 with cyclopentanone.

Previously we have reported a simple but very
effective synthetic method of 2,2'-dihydroxy-1,1'-bi-
naphthyl by the solid-state coupling reaction of 2-
naphthol in the presence of FeCl3�6H2O under ultrasonic
irradiation. We found this solid-state synthetic method is
applicable to the trimerization reaction of1 to 2. A
mixture of powdered1 and FeCl3�6H2O was irradiated
with ultrasound (28 kHz) for 24 h, and the reaction
mixture was worked up to give2 as brown crystals in
37% yield. The colored product contained quinoid
derivatives of2 and was difficult to purify to get a
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colorlesssampleby usualmethodssuchasrecrystalliza-
tion from the solvent. Purification of 2 by inclusion
complexationwith aguestcompoundwasdeveloped.For
example,recrystallizationsof 2 from cyclopentanone3
gave a 2�cyclopentanone1:3 inclusion complex 4 as
colorless prisms. Evaporation of the cyclopentanone
guestmoleculesfrom 4 gavepure2 ascolorlesscrystals
in 16%yield (m.p.387°C).

When2 is recrystallizedfrom usualsolvents,inclusion
crystalsareformed,containingthe solventmoleculesin
host-guestratios as indicated in Table 1. Of these
inclusion crystals,thosewith achiral guests,suchas i-
PrOH, cyclopentanone,2-cyclopentenoneand 2-cyclo-
hexenone,arefound to be chiral by measurementof the
CD spectrain Nujol mulls.5 In eachcase,onepieceof the
inclusioncrystalshowed(�)-Cottoneffectandtheother
pieceof crystalshowed(ÿ)-Cottoneffect,andthesetwo

Table 1. Host±guest ratio of inclusion complexes of 2a

Guest host/guestb

n-PrOH 1:3
i-PrOH 1:2c

n-BuOH 1:3
Cyclopentanol 1:3
Cyclohexanol 1:2
Acetone nc
Acetonylacetone 2:3
Cyclopentanone 1:3c

Cyclopentanone 1:4:H2O
Cyclopentenone 1:3c

2-Methylcyclopentanone 1:3c

3-Methylcyclopentanone 1:3
Cyclohexenone 1:3c

Cyclohexanone 1:3
2-Methylcyclohexanone 1:3
3-Methylcyclohexanone 1:3
g-Butyrolactone 1:3
THF 1:2
1,4-dioxane 1:2
DMF 1:2

a All melting pointsareunclear.
b The ratio wasdeterminedby 1H-NMR or TG measurement.
c Chiral inclusioncompound.

Figure 1. CD spectra of two enantiomeric 1:3 inclusion
crystals of 2 with cyclopentanone in Nujol mulls

Figure 2. CD spectra of two enantiomeric 1:3 inclusion
crystals of 2 with 2-cyclopentenone in Nujol mulls

Figure 3. CD spectra of two enantiomeric 1:3 inclusion
crystals of 2 with 2-cyclohexenone in Nujol mulls
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showednicelymirror imagedspectra,asshownin Figs1–
4. It has been well establishedthat chirality in the
crystallinestatecaneasilybedetectedby measurementof
CD spectrain Nujol mulls. In orderto clarify the reason
why achiral host moleculesof 2 form chiral crystalline
lattice with achiral guestmolecules,the X-ray crystal
structure of 4 was studied. Interestingly, however,
inclusioncomplex5 of 2 with cyclopentanoneandH2O
in 1:4:1 is achiral.The X-ray crystal structureof 5 was
alsostudied.

Figure 5 illustrates the conformationof 4 with the
hydrogen bonding interactions between compound 2
andcyclopentanone.The hydroxyl groups,O3-H, O9-H
and O15-H, make intramolecularhydrogen bonds as
donors with O4, O10 and O16, respectively. The
carbonyl oxygensof cyclopentanones,O21, O31 and
O41,actasacceptorsin hydrogenbondsfrom O3-H,O4-
H and O9-H, respectively.Thus, O3-H and O9-H are
involved in bifurcated hydrogen bonds as shown in
Fig. 5. Thecompound2 in 4 is roughlyflat [within 0.14
(1) Å]. However, the molecule is distorted from the
planarity because of the steric repulsion between

Figure 4. CD spectra of two enantiomeric 1:3 inclusion
crystals of 2 with 2-methylcyclopentanone in Nujol mulls

Figure 5. Perspective plot of complex (4) showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level except for hydrogen atoms
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hydrogens on carbon atoms at peri-positions. The
rings B and C are bent down and up from the central
ring A, and the ring D is twisted againstthe ring A
with the dihedral anglesof C5–C6–C7–C8=ÿ2.8(6)°,
C11–C12–C13–C14= 2.2(6)°, and C2–C1–C18–C17=
2.4(5)°. The three joint bondswhich link the catechol
moleculesandthecentralbenzenering arelengthenedby
about0.064Å comparedwith theotherbondsof thering
A in order to reducethe steric repulsionbetweenthe
hydrogen atoms: C6–C7= 1.469(5), C12–C13=
1.477(5), C1–C18= 1.469(5), C1–C6= 1.406(5), C7–
C12= 1.411(6)andC13–C18= 1.407(5)Å. Themolecu-
lar packingand the hydrogenbondingschemeof 4 are
shown in Fig. 6. There are two major hydrogenbond
sequences.One comprisesan infinite chain: ---O9-H---
O10-H---O9-H--- with an additional O9-H---O41.The
othersystemconsistsof afive-link finite chain:O15-H---
O16-H---O3H---O4-H---O31with anadditionalO3-H---
O21. The intermolecularhydrogenbonds,O10-H---O9
andO16-H---O3,link the hostmolecules(2) aroundthe
21 screw axes passingthrough x = 0 and z= 1/2, and
x =ÿ1/2andz= 0 (or 1), respectively,indicatingthatthe
molecules2 areconnectedby two-dimensionalhydrogen
bond networks.Thesenetworks are parallel to the (1
0ÿ1) planeand cyclopentanonemoleculesoccupy the
spacebetweenthesenetworks.

Figure 7 illustrates the conformationof 5 with the
hydrogenbondinginteractionsbetweenthecompound2,
and four cyclopentanonesand a water molecule. The
hydroxyl groups,O3-H, O9-H and O15-H, makeintra-
molecularhydrogenbondsasdonorswith O4, O10 and
O16,similarly to thoseshownin Fig. 5. TheO3-H,O4-H
and O16-H act as hydrogenbondingdonorsto interact
with the carbonyl oxygens, O21, O31 and O51,

respectively.Thewatermolecule(O1)actsasanacceptor
andadonorto bridgeO9-HandO41.Thecompound2 in
5 showsslightly largerdistortionthanthatobservedin 4
with the maximumdeviationof 0.267Å from the mean
plane.TheringsB' andD' arebentupanddownfrom the
centralring A', andthering C' is twistedagainstthering
A with the dihedralanglesof C5–C6–C7–C8= 7.6(5)°,
C11–C12–C13–C14= 3.2(4)°, and C2–C1–C18–C17=
ÿ5.1(5)°. The three joint bondsbetweenthe catechol
moietiesandthe centralbenzenering arelengthenedby
about0.055Å comparedwith theotherthreebondsof the
ring A in order to reducethe steric repulsionbetween
hydrogenson carbonatomsat peri-positions:C6–C7=
1.465(4),C12–C13= 1.464(4),C1–C18=1.466(4),C1–
C6= 1.412(4), C7–C12= 1.404(6) and C13–C18=
1.413(4)Å.

The molecular packing and the hydrogen bonding
schemeof 5 is shown in Fig. 8. There are two major
hydrogenbondsequences.Onecomprisesa finite chain:
O10-H---O3-H---O4-H---O31with a branchedhydrogen
bond,O3-H---O21.The othersystemconsistsof a five-
link cyclic system: O15-H---O9-H---O1-H---O51---H-
O16---H-O15with a branch,O3-H---O21.Thehydroxyl
groups,O3-H andO15-H are includedin the bifurcated
hydrogenbonds.TheO9-Hwasjudgednotto beincluded
in theintramolecularhydrogenbondwith O10becauseof
the long O---H distance [2.47(4) Å] and the large
deviation from the linearity of O-H---O [102(4)°],
although there should be a weak interaction between
O9-H andO10.

Theintermolecularhydrogenbond,O15-H---O9,links
the hostmolecules(2) alongthe b-axis, to form a chiral
arrangementof 2 along the 21 screwaxes.This helical
arrangementof 2 is connectedto theotherhelicaloneof

Figure 6. Molecular packing and hydrogen bonding of complex (4) viewed down the a-axis. The hydrogen bonds are shown by
thin lines
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the oppositechirality throughthe hydrogenbond,O10-
H---O3, to give an achiral hydrogenbond networksin
two-dimension. Thesenetworks are parallel to the bc
plane and cyclopentanonemoleculesoccupy the space
between these networks similarly to that found in
complex4.

In solution, the host molecules might make three
intramolecularhydrogenbondsfor entropyreasonsand
interactwith asmanyguests(cyclopentanone)aspossible
to maketransientcomplexeslike thatshownin Figs5 and
7. When the concentrationof the solution goesup, the
hostmoleculescaninteractwith otherhostsby usingthe
freeO-H groupsformedby releasingcyclopentanonesto
expandthehydrogenbondnetwork.Thenetworkwill be
reasonablyplanarsincethe molecule2 andcyclopenta-
none are approximatelyplanar. The right-handedand
left-handedshorthelicesare formed at equalweight. It
seemsthatthealternativearrangementsof right- andleft-
handedhelixes are energeticallyfavorable in 5, while
therearetwo ways:oneis stackingof thenetworkswith
thesamechirality to form achiralcrystal,andtheotheris
thealternativestackingof thenetworkswith theopposite

chirality. In the inclusion complex of 4, the two-
dimensionalnetworks of same chirality stack with a
largervan der Waal stabilizationthanthoseof opposite
chirality.

We cannotseethe reasonwhy the inclusioncomplex
betweenthe molecules2 andcyclopentanonesgivesthe
optically resolvedcrystal (4) on the one hand and the
achiralcrystal(5) on theother.However,therearesome
interestingfeaturesin thesecrystals.The predominant
factor to determine the molecular arrangementsis
extensivehydrogenbondsin the crystal. The hosts(2)
and guests(cyclopentanoneand water in 5) which are
hydrogenbonded in a two-dimensionalway, roughly
arrangein oneplane.In the crystal4, the moleculeson
the planeare relatedonly by 21 screwaxes,indicating
that this plane is chiral, while in the crystal 5, the
moleculesare relatedby 21 screw axesand centerof
symmetries,resultingin theachiralplane.Theplanesjust
stackone by one to makea chiral crystal in 4 and an
achiralcrystal in 5.

When a racemic guestcompoundis accommodated
enantioselectivelyin thechiral crystallinelattice formed

Figure 7. Perspective plot of complex (5) showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level except for hydrogen atoms
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by the chiral arrangementof the achiral host 2, optical
resolution without using any chiral source becomes
possible.Recrystallizationof 2 from 2-methylcyclopen-
tanone6 gavetheir 1:3 inclusioncrystals.Onepieceof
thecrystalshowed(�)-Cottoneffectataround300nmin
thesolidstateCD spectrum,andtheotherpieceof crystal
showed(ÿ)-Cotton effect at the sameregion (Fig. 4).
Heatingof the former and latter crystalsin vacuogave
(�)-6 of 34% ee and (ÿ)-6 of 37% ee, respectivelyby
distillation. It is clearthat chiral recognitionof 6 occurs
in the chiral crystalline lattice formed by a chiral
arrangementof the achiral 2 molecules.However,in the
inclusioncrystalline lattice of 2 with 2- and3-methylcy-
clohexanone,the 2 molecules are not arrangedin chiral
form andtheseracemicguestsarenot resolved(Table1).

EXPERIMENTAL

Synthesis of 2,3,6,7,10,11-hexahydroxytripheny-
lene (2) in the solid state

A mixtureof finely powderedcatecol(1 20g, 0.182mol)
and FeCl36H2O (196.8g, 0.728mol) was irradiatedby
ultrasoundfor 24h. The reactionmixture was washed
with dilute HCl and water, and the dried product was
extractedwith hot cyclopentanoneto give crude2 (10g,
51% yield). Recrystallization of the crude 2 from
cyclopentanonegavea 1:1 inclusioncomplexof 2 with
cyclopentanone(7.2 g) from which pure2 (m.p. 387°C,
4 g, 20%yield) wasobtainedby evaporationof theguest

compound. vOH:2485 and 3425cmÿ1; 1H NMR
(CDCl3): � 7.7 (s, OH, 6H) and8.7 (s, Ar, 6H). Found:
C,66.67;H, 3.54%.Calculatedfor C18H12O6: C,66.67%,
H, 3.73%.

Preparation of inclusion complexes of 2 with
guest compounds

Inclusioncomplexwaspreparedby recrystallizationof 2
from theguestcompound.For example,recrystallization
of 2 from cyclopentanonegavea 1:3 complexof 2 with
the guest as colorless prisms in a quantitative yield.
vOH:3270cmÿ1, vC=O 1620cmÿ1; 1H NMR: � 2.0 (m,
CH2, 12H),2.2(m,CH2, 12H),7.7(s,OH,6H) and8.7(s,
Ar. 6H). Found: C, 68.75; H, 6.34%. Calculatedfor
C33H36O9: C, 68.74%,H, 6.29%.By thesameprocedure,
inclusioncomplexesindicatedin Table1 wereprepared.
All complexesdid not showa clear melting point. The
host:guestratio was determinedby 1H NMR or TG
measurement.By measurementof CD spectraof the
inclusion crystals in Nujol mulls, it was determined
whetherthe inclusioncrystalis chiral or not. Thesedata
areshownin Table1.

Optical resolution of 2-methylcyclopentanone by
inclusion complexation with 2

Recrystallizationof 2 from 2-methylcyclopentanone (6)
gavetheir 1:3 inclusioncomplexcrystals(7). Heatingof

Figure 8. Molecular packing and hydrogen bonding of complex (5) viewed down the a-axis. The hydrogen bonds are shown by
thin lines
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onepieceof thecrystalwhich showsa (�)-Cottoneffect
in the regionof 300nm in vacuogave(�)-6 of 34% ee
[a]D� 17.2° (c 0.06,MeOH) by distillation. Heatingof
the other piece of crystal which shows a (ÿ)-Cotton
effect in the region of 300nm in vacuogave(ÿ)-6 of
37%ee[a]D ÿ18.5° (c 0.07,MeOH).

Crystallographic studies

TheX-ray datawerecollectedon a RigakuAFC7Rfour-
circle diffractometer,using!/2� scanmode.All calcula-
tions wereperformedwith the crystallographic software
packageteXsan(MolecularStructureCorporation,1985,
1992).The structurewassolvedby direct methods6 and
subsequentFourierrecycling,7 andrefinedby full-matrix
least-squaresrefinementagainstjFj, with all hydrogen
atomsfixed at the calculatedpositionsexcepthydroxy
hydrogensfor 4. No absorptioncorrectionswereapplied.
Full X-ray datafor compounds4 and5 areavailablefrom
theepocwebsiteat http://www.wiley.com/epoc/

Crystal data for 4: C18H12O6�3C5H8O, monoclinic,
space group P21, MoKa radiation, 2�max= 50°,
a = 7.986(3), b = 10.161(2), c = 18.554(2) Å, b =
99.84(1)°, V = 1483.5(5) Å 3. Dc = 1.291g cmÿ3, m
= 0.94cmÿ1, 2708 independentintensities, 2175 ob-
served[l > 1.00s (l)], T = 296K, weighting scheme=
1/[s2 (Fo)2� (0.025)2 Fo2]ÿ1, R = 0.058, Rw = 0.075,

GOF= 2.08, maximumresidualelectrondensity0.33 e
Å ÿ3.

Crystal data for 5: C18H12O6�4C5H8O�H2O, mono-
clinic, spacegroupP21/c, MoKa radiation,a = 7.603(7),
b = 20.937(3), c = 22.245(3) Å, b = 91.85(3)°, V =
3539(3)Å 3, Dc = 1.274g cmÿ3, m = 0.93cmÿ1, 2� max
= 50°, 6423 independentintensities,3930 observed[l
> 1.00s (l)], T = 296K, weightingscheme= 1/[s2 (Fo)2

� (0.03)2 Fo2]ÿ1, R = 0.071, Rw = 0.082, GOF= 1.74,
maximumresidualelectrondensity0.19e Å ÿ3.
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