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The resolution of racemic 4-hydroxy[2.2]paracyclophane (1)
by fractional crystallization of the diastereomeric esters 3
with (1S)-(−)-camphanic acid and the determination of the
absolute configurations of (R)- and (S)-4-hydroxy[2.2]paracy-
clophanes by X-ray diffraction have been carried out. The
Friedel−Crafts oxaloylation of 1 with AlCl3 was found to oc-
cur with formation of both ortho- and para-hydroxy[2.2]para-
cyclophanylglyoxylic acids, whereas in the presence of TiCl4,
quantitative formation of 2,3-dioxo-2,3-dihydrofurano[4,5-

Introduction

The first enantiomerically pure monosubstituted [2.2]-
paracyclophanes, such as [2.2]paracyclophane-4-carboxylic
acid[1] and its derivatives (amide, nitrile, esters), as well as
ketones, alcohols, amines, azides, chlorides,[2] and alde-
hyde,[2,3] were synthesized nearly 30 years ago. During the
last few years a number of efficient resolutions and ex-
amples of enantioselective syntheses of different chiral
mono- and disubstituted [2.2]paracyclophanes have been
reported.[4a24g] The renewal of interest in chiral [2.2]paracy-
clophanes arises from their application as planar chiral
auxiliaries and ligands in stereoselective syn-
thesis.[4a24c,4e,4f,4i,5a25l] A number of these compounds are
phenols and hence can in principle be obtained in optically
pure form by starting from enantiomers of 4-hydroxy[2.2]-
paracyclophane (1). Our recent findings have opened up the
possibility of converting enantiomers of 1 into chiral hy-
droxyaryl ketones by means of ortho- or para-regioselective
Friedel2Crafts acylation or Fries rearrangements.[6] More-
over, enantiomers of 1 could be used as starting ma-
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d][2.2]paracyclophane (8) as a product of an unusual
cooperative C- and O-acylation was observed. Replacement
of the OH group in the substrate for OCH3 (compound 18)
changes the regioselectivity of the oxaloylation, which now
occurs with formation of a para-substituted α-diketone 19. A
novel technique for the synthesis of 4-formyl-5-hydroxy[2.2]-
paracyclophane (FHPC, 15) involving stereoselective reduc-
tion of 8 followed by oxidative cleavage of the intermediate
diol 14 is also presented.

terials for the recently synthesized chiral dendrophanes[7]

and laterally functionalized [2.2]paracyclophanes.[8]

Two routes to the enantiomers of 1 have previously been
described: On the one hand a three-step synthesis of (R)-1
from (R)-4-amino[2.2]paracyclophane, which in turn is ob-
tained by resolution of the racemic amine; however, this
method is not very efficient because of the quite low overall
yield.[9] On the other hand, the lipase-catalyzed enzymatic
kinetic resolution of 4-acetoxy[2.2]paracyclophane (2), in-
dependently proposed by two groups,[10,11] is more effective.
Thus, under optimal conditions, the resolution of 0.6 mmol
of racemic 2 resulted in optically pure (S)-2 (ee . 99%,
chem. yield 44%) and (R)-1 (ee 90%, chem. yield 51%).
Screening of 28 different lipases showed that Candida ru-
gosa (formerly Candida cylindracea) was the best enzyme
for kinetic resolution of 2.[4g] However, the authors also
showed that the lipase employed should be obtained from
a specific supplier (Amano), because at least two additional,
unwanted lipases were found in Candida cylindracea pre-
parations from other commercial providers. Furthermore,
the enzymatic resolution required special equipment and
skill and so is less than ideal for use by organic chemists on
a routine basis.

We therefore decided to develop a new and effective
chemical resolution technique for 4-hydroxy[2.2]paracyclo-
phane (1) by way of diastereomeric derivatives. The success-
ful result of this approach is presented in this publication.
Furthermore, in continuation of our research on regioselec-
tive acylation of 1, we have investigated the oxaloylation of
phenol 1 and its methoxy derivative. Finally, we propose a
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new simple and effective method for the preparation of 4-
formyl-5-hydroxy[2.2]paracyclophane (FHPC).

Results and Discussion

Resolution of 4-Hydroxy[2.2]paracyclophane (1) into
Enantiomers

As a new reagent for resolution of 1 into enantiomers, we
propose (1S)-(2)-camphanic acid, the lactone of 1-hydroxy-
2,2,3-trimethylcyclopentane-1,3-dicarboxylic acid, which
has also been employed as a resolving reagent for the res-
olution of other phenols[12] and alcohols.[13] Diastereomeric
esters 3 (Scheme 1) were obtained in high chemical yield
(95%) by treatment of 1 with commercially available (1S)-
(2)-camphanoyl chloride (4) [it may also be synthesized
from (1S)-(2)-camphanic acid and thionyl chloride[14]] in
pyridine. Initially, the reaction was carried out with 1.8
equiv. (excess) of the acyl chloride according to the reported
technique.[12] Later we found that the reaction occurs
smoothly over 1 h at room temperature with equimolar
amounts of 1 and 4. According to 1H NMR spectroscopic
data, the diastereomeric esters 3 were formed in a 1:1 ratio.

Scheme 1

The separation of the diastereomeric esters 3 was carried
out by fractional crystallization. We found that crystalliza-
tion from ethyl acetate gave 12214% of (Rp,1S)-3 (de .
95% according to 1H NMR analysis) as a first crop and
10212% of (Sp,1S)-3 (de . 91% according to 1H NMR
analysis) as a second crop from the same solution. The fil-
trate was concentrated and the crystallization procedure
was repeated twice. The combined fractions enriched in
(Rp,1S)-3 or (Sp,1S)-3, respectively, were separately recrys-
tallized from ethyl acetate to yield (Rp,1S)-3 (19.4%, de
97%, [α]D25 5 224.14) and (Sp,1S)-3 (19219.6%, de
97299%, [α]D25 5 124.78). The diastereomeric purity of
(Rp,1S)-3 was improved to 99% by crystallization from the
same solvent. Combined filtrates containing the two dia-
stereomers in equal amounts (according to the 1H NMR
spectrum) were reused for the resolution. To liberate the
pure enantiomers of 1, (Rp,1S)-3 and (Sp,1S)-3 were re-
duced with LiAlH4 in THF in a Soxhlet apparatus. Enanti-
omers (R)- and (S)-1 were obtained in 92294% chemical
yields; their enantiomeric purities were determined as .
99% by GC on a chiral column. The absolute configura-
tions of (R)- and (S)-1 were determined by X-ray diffraction
analysis of the camphanic acid esters 3; the results are
shown in Figure 1.
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Figure 1. X-ray structures of the diastereomeric esters 3 of 4-hydro-
xy[2.2]paracyclophane with (1S)-(2)-camphanic acid

Regioselective Oxaloylation of 4-Hydroxy[2.2]-
paracyclophane (1)

Oxaloylation of classical phenols under common
Friedel2Crafts conditions (AlCl3 in CH2Cl2) is not regiose-
lective and is usually accompanied by competition between
ortho-, para-acylation, bis(arylation), and decarbonylation
side reactions.[15] For example, treatment of phenol with ox-
alyl chloride in the presence of AlCl3 produces 2-hydroxy-
phenylglyoxylic acid (20%) together with 2,29- and 2,49-di-
hydroxybenzil (13 and 7%, respectively), and a considerable
quantity of unidentified products.[16] To achieve ortho-re-
gioselective synthesis of the target 2-hydroxyphenylglyoxylic
acids, an approach involving oxaloylation of different bro-
momagnesium phenolates has been proposed.[16] It was also
shown that the oxaloylation occurs ortho-regioselectively in
the presence of sterically hindered meta substituents in the
phenol.[17]

We started our study on the regioselectivity of the direct
oxaloylation of 1 by applying standard conditions (AlCl3,
CH2Cl2; Scheme 2). The reaction was not complete even
after 2 d at room temperature. Preparative chromatography
of the reaction mixture allowed the recovery of the starting
material (47%) and provided two new compounds, which
were identified by 1H NMR and mass spectrometry as (4-
hydroxy[2.2]paracyclophan-5-yl)glyoxylic acid (6) (16%)
and ethyl (4-hydroxy[2.2]paracyclophan-7-yl)glyoxylate (7)
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(6.5%). The formation of 7 can be explained by the reaction
of the corresponding intermediate acyl chloride with traces
of EtOH present in the diethyl ether used for workup of the
reaction mixture. In support of this assumption, (methyl
[2.2]paracyclophan-4-yl)glyoxylate was formed when the
oxaloylation of the parent [2.2]paracyclophane (AlCl3,
CH2Cl2, 210 °C) was followed by treatment with meth-
anol.[18]

Scheme 2

When the oxaloylation of 1 was carried out under condi-
tions that had been found to be optimal for its ortho-re-
gioselective acylation with acyl chlorides (TiCl4, CH2Cl2,
room temperature),[6] the reaction was complete within 1 h
(Scheme 2). The sole product formed in this reaction, in
quantitative yield, was purified by crystallization from hept-
ane and identified by spectroscopic and analytical data
and X-ray structural analysis as 2,3-dioxo-2,3-dihydro-
furano[4,5-d][2.2]paracyclophane (8). The cyclic ester 8 is
very stable towards the action of aqueous or/and alcoholic
acid and base solutions. However, 8 is unstable on silica
gel, suffering ring-opening to give the corresponding (ortho-
hydroxy[2.2]paracyclophanyl)glyoxylic acid 6 (81%).

To the best of our knowledge, there are no previous ex-
amples of formation of cyclic compounds such as 8 by dir-
ect Friedel2Crafts oxaloylation of phenols. When we car-
ried out the oxaloylation of thymol (2-isopropyl-5-methyl-
phenol) under the same conditions, a complex mixture of
at least six different compounds was formed, from which
(2-hydroxy-3-isopropyl-6-methylphenyl)oxoacetic acid
(16%) together with bis(4-hydroxy-5-isopropyl-2-methyl-
phenyl) diketone (3%) were isolated in quantities large
enough for analysis.

For the synthesis of 4,7-disubstituted 2,3-dihydrobenzo-
furan-2,3-diones 9 (Scheme 3) from sterically hindered 2,5-
disubstituted phenols, a two-step procedure involving initial
O-acylation with excess oxalyl chloride in the presence of
a catalytic amount of DMAP followed by AlCl3-promoted
Friedel2Crafts ring-closure has been suggested.[19] Applica-
tion of this procedure to thiophenol produced the corres-
ponding 2,3-dihydrobenzothiophene-2,3-dione (10).[20] One
example of N-oxaloylation of racemic para-substituted 4-
(methylamino)[2.2]paracyclophane with further formation
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of 2,3-dihydro-2,3-dioxopyrrolo[4,5-d][2.2]paracyclophane
[11] by use of AlCl3 has also been described.[21]

Scheme 3

Our previous attempts to synthesize 8 from 4-hydroxy-
[2.2]paracyclophane (1) by the approach described above
met with failure; on treatment of 1 with 5 in the presence
of catalytic amounts of DMAP (2 mol %) the starting
material was consumed with probable formation of the
intermediate product 12. However, on subjection to AlCl3
or TiCl4, neither the desired cyclic product 8 nor any other
identifiable compounds were formed. All attempts to isol-
ate, purify, and identify an intermediate 12 failed, although
similar derivatives of normal aromatic phenols are quite
stable and could be isolated by distillation under reduced
pressure without decomposition.[19a] On increasing the
DMAP concentration to 50 mol %, we observed the forma-
tion of the dimeric O-oxaloylated product 13 (Scheme 4) in
quantitative yield even with a twofold excess of oxalyl
chloride.

Scheme 4

Bis([2.2]paracyclophan-4-yl) oxalate (13) was isolated in
high chemical yield and characterized by the usual analyt-
ical data (see Exp. Sect.). With two chiral [2.2]paracyclo-
phane moieties, compound 13 should in principle be ob-
tained as a mixture of two diastereomers (chiral and meso).
Only one set of signals was observed in the 1H NMR spec-
trum of the reaction mixture, though. In the 13C NMR
spectrum, however, two sets of signals of equal integral in-
tensity were detected at δ 5 32.32 and 32.35 for C-2 and at
δ 5 156.17 and 156.25 for C-175O, proving the formation
of an equimolar mixture of the diastereomeric compounds
13.

X-ray Diffraction Study of Racemic 2,3-Dihydro-2,3-
dioxofurano[4,5-d][2.2]paracyclophane (8)

The X-ray diffraction study was carried out with single
crystals of racemic 8, prepared by slow concentration of a
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benzene solution of the cyclophane. In the crystal form, 8
contains a disordered furan moiety (Figure 2). Both disor-
dered rings C(4)C(5)C(17)C(18)O(1) and C(4)C(5)C(179)-
C(189)O(19) were planar within 0.013 Å, and formed angles
of 2.3 and 2.7°, respectively, with the plane passing through
C(4)C(5)C(7)C(8). The central bond C(4)2C(5) in 8
[1.366(3) Å] was shorter than that in 11[21] [1.409(4) Å]. It
is more correct to describe this structure as a superposition
of the two enantiomers (S)- and (R)-8 in a 1:1 ratio.

Figure 2. General view of racemic (top) and (R)-2,3-dioxo-2,3-dihy-
drofurano[4,5-d][2.2]paracyclophane (8, bottom)

X-ray Diffraction Study of Enantiomerically Pure (R)-2,3-
Dihydro-2,3-dioxofurano[4,5-d][2.2]paracyclophane (8)

By starting from (R)- and (S)-1 (ee . 99%), optically
pure (R)-8 ([α]D25 5 2699, c 5 0.38, benzene) and (S)-8
([α]D25 5 1697, c 5 0.38, benzene) were also obtained. The
single crystal of (R)-8 was prepared by slow concentration
of its benzene solution and the result of the X-ray study is
shown in Figure 2. The geometric parameters of the [2.2]pa-
racyclophane moiety and the furan ring in (R)-8 are in a
good agreement with those obtained for the racemic
sample. Thus the furan ring C(4)C(5)C(17)C(18)O(1) is
planar within 0.013 Å and forms an angle of 2.5° with the
plane passing through C(4)C(5)C(7)C(8). The central bond
C(4)2C(5) in (R)-8 is 1.399 Å.
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A New Route to FHPC (15)

In the aromatic series, cyclic α-oxo esters analogous to 8
have been reported as precursors for salicylaldehydes.[19b]

According to this approach, we carried out the reduction
of 8 to the vicinal diol 14 with LiAlH4 in diethyl ether,
which took place in 71% yield (Scheme 5). The very low
solubility of 8 in diethyl ether required significant amounts
of solvent; it thus did not seem very useful to carry out this
reaction on a preparative scale. Reduction of 8 by LiAlH4

or NaBH4 in tetrahydrofuran was found to occur in slightly
lower yield (67 and 60%, respectively). Finally, a modified
procedure involving slow extraction of 8 by diethyl ether in
a Soxhlet apparatus followed by reduction of the extract
with LiAlH4 was developed. Oxidative cleavage of 14 with
Pb(OAc)4 gave a complex mixture of several products, from
which the target salicylaldehyde 15 (FHPC) was isolated in
12% yield. On the other hand, treatment of 14 with HIO4

in diethyl ether produced FHPC in good chemical yield
(72%, Scheme 5).

Scheme 5

The complete three-step procedure (from 1 to FHPC)
presented in Scheme 2 and Scheme 5 was also performed
without purification of the intermediates 8 and 14. The tar-
get FHPC was purified by filtration through a short silica
gel column with dichloromethane as eluent. The total yield
of 15 from 1 amounted to 50%, making this methodology
very attractive for the synthesis of preparative amounts of
FHPC, as the chemical yield is comparable with that re-
ported earlier,[4b,9,22] but the procedure does not require
inert gases, low temperatures, or laborious chromatographic
separation. Application of this procedure to enantiomers of
1 would no doubt also enable one to synthesize (R)- or (S)-
FHPC in enantiomerically pure form.

Diastereoselectivity of the Reduction of 8

The reduction of the cyclic α-oxo ester 8 with LiAlH4 in
diethyl ether results in the formation of a stereogenic center
at the side chain of the [2.2]paracyclophane moiety and pro-
ceeds stereoselectively. The diastereomeric diols 14 were
separated by preparative chromatography and characterized
by their 1H NMR and MS data. An elemental analysis was
also obtained for the major isomer of 14. Careful examina-
tion of the 1H NMR spectra of the reaction mixtures al-
lowed the ratio of the diastereomers to be determined as
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88:12 (or 76% de) when LiAlH4 was added to a solution of
8 in diethyl ether and as 94:6 (88% de) when the reduction
was performed in the Soxhlet apparatus. The best diastereo-
selectivity (95% de) was observed when the reduction was
carried out by slow addition of the solution of 8 in diethyl
ether to a suspension of LiAlH4 in the same solvent.

To the best of our knowledge, two other examples of ster-
eoselective reduction of double bonds in rigidly annulated
[2.2]paracyclophanes have been reported in the chemical lit-
erature[5l] (Scheme 5). The reduction of the C5O group of
(1,2,3,4-tetrahydro-4-oxobenzo)[d][2.2]paracyclophane (16)
with LiAlH4 produces endo- and exo-carbinols in preparat-
ive yields of 54 and 27%, respectively.[2] Predominant
formation of the carbinol in which the hydroxy group is
pointing towards the unsubstituted [2.2]paracyclophane
ring (endo) indicates that incorporation of hydrogen had oc-
curred preferentially from the unshielded face of the car-
bonyl group. The reduction of the C5C bond of the po-
lyheterocyclic compound 17 with NaBD4 (or of deuterated
17 with NaBH4) was completely stereoselective.[5a] Analysis
of the products obtained, together with the X-ray crystal
structure data of 17, showed that one face of the cycle was
completely blocked by an aromatic proton of the unsubsti-
tuted aromatic ring of the [2.2]paracyclophane, forcing D
or H to enter the system exclusively from the unshielded
face of the double bond.

For the diastereoisomers of 14, the relative configurations
of the new asymmetric centers were determined on the basis
of their 1H NMR spectra (including NOESY measure-
ments) supported by AM1 calculations. The X-ray data ob-
tained for the substrate 8 were also taken into account.
Thus, AM1-calculated structures demonstrated that the
most stable conformation of the conformationally labile
side chain in both diastereoisomers (R*,R*)- and (R*,S*)-
14 was the one with the hydroxymethyl group turned away
from the unsubstituted paracyclophane ring. However, in
(R*,R*)-14 the formation of an intramolecular hydrogen
bond was facile, whereas in (R*,S*)-14, hydrogen bonding
could provoke severe nonbonded interactions between the
CH2OH group and 9-HA, 10-HA, or 12-H of the [2.2]para-
cyclophanyl moiety. According to the X-ray data of 8, the
plane of the furan ring is twisted by only 2° with respect to
the plane of the substituted [2.2]paracyclophane ring, mak-
ing them almost coplanar (Figure 2). It is obvious from the
structure that one side of the five-membered ring of 8 is
strongly shielded by the protons of the unsubstituted ring
of [2.2]paracyclophane. The incoming hydrogen atom can
therefore easily approach from the unshielded face of the
five-membered ring, resulting in formation of (R*,R*)-14.

In the 2D NMR spectra of the major isomer of 14 in
[D6]acetone, noticeable NOEs of protons 9-HA, 10-HA, and
12-H with α-H were observed. Additionally, the phenolic
OH group in the 1H NMR spectrum of this isomer was
registered as a singlet at δ 5 9.70 whilst the signals of the
OH group bonded to the chiral center were detected as a
sharp doublet at δ 5 5.69. The spin-spin coupling with
α-H (δ 5 5.10, 2J 5 6.2 Hz) indicates no fast OH proton
exchange (on the NMR timescale); thus a strong intramole-
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cular hydrogen bond between the phenolic and the carbinol
OH groups must be formed here. In the spectrum of the
minor isomer of 14 in CDCl3, we observed the signal of the
phenolic OH group at δ 5 7.7027.90 as a broad singlet
whilst no signals were detected for the carbinol OH groups;
we interpret this as the absence of hydrogen bonding. Taken
together, the 1H NMR spectroscopic data strongly support
the notion that the configuration of the major isomer of 14
is (R*,R*) 2 as expected 2 and that the minor isomer has
the (R*,S*) configuration.

Regioselective Oxaloylation of
4-Methoxy[2.2]paracyclophane (18)

In our previous paper dealing with the Friedel2Crafts
acylation of 4-hydroxy[2.2]paracyclophane,[6] we reported
that the high regioselectivity of the acylation of 1 could be
explained by the formation of an intermediate complex of
TiIV with substrate 1 and RC(O)Cl, and that this complex
played the key role in determining the regioselectivity of
the process. We demonstrated that the replacement of the
hydroxy group by a methoxy substituent had a dramatic
influence on the regioselectivity of the reaction, and that
acylation resulted exclusively in the para product. In this
work we also investigated the attack of oxalyl chloride on
4-methoxy[2.2]paracyclophane (18). The synthesis of this
derivative was improved by the use of NaH in DMF (in-
stead of K2CO3 in acetone[23]), allowing 18 to be prepared
in quantitative yield. Treatment of 18 with 1 equiv. of oxalyl
chloride under standard conditions (CH2Cl2, 1.3 equiv.
TiCl4, room temperature) proceeded para regioselectively 2
as expected 2 and produced the dimeric α-diketone 19 as
the sole product in 89% yield (Scheme 6).

Scheme 6

No traces of ortho-substituted or monofunctionalized
products were detected in the reaction mixture. The parti-
cipation of both oxalyl chloride acyl chloride moieties and
formation of α-diketones is often observed in
Friedel2Crafts oxaloylation of active substrates (such as
anisole). However, the difference in the oxaloylation of 18
as compared to simple anisole derivatives lies in the lack
of competition between ortho and para substitution. The
exclusive para regioselectivity can be explained not only by
the impossibility of the formation of the intermediate TiIV/
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substrate/reagent complex, but also by significant steric
hindrance in the position ortho to the methoxy group.

Diketone 19, constructed from two chiral [2.2]paracyclo-
phanyl moieties, might in principle be obtained as a mixture
of two diastereomers, namely (R*,R*)-19 and meso-19. Ac-
cording to 1H NMR spectral analysis of the reaction mix-
ture, the ratio of the two diastereomers amounted to 1.3:1.
A single crystallization of the mixture from benzene gave
the major isomer in 27% yield. We also carried out the ox-
aloylation of enantiomerically pure (R)-18, which was in
turn synthesized from the corresponding (R)-1 by our new
methoxylation procedure. The relative configurations of the
diastereomers of 19 were established by 1H NMR spectro-
scopy, by adding CDCl3 solutions of the diastereomerically
pure (R,R)-19 to a solution of (R*,R*)- and meso-19. Thus
we found that acylation of racemic 18 occurred with a small
diastereoselectivity favoring the chiral diastereomer of α-
diketone 19 described above.

Conclusion

We have developed a new and effective resolution tech-
nique for 4-hydroxy[2.2]paracyclophane (1) through its dia-
stereomeric esters with (1S)-(2)-camphanic acid, allowing
both (R)- and (S)-1 to be prepared in very high optical
purity. We have demonstrated that the Friedel2Crafts
oxaloylation of 4-hydroxy- and 4-methoxy[2.2]paracyclo-
phane (1 and 18) in the presence of TiCl4 conforms with
the chemical behavior of other recently studied cyclophane
derivatives.[6] Thus, treatment of phenol 1 with oxalyl chlor-
ide produces the ortho-substituted compound 8, whereas
the phenolic methyl ether 18 reacts with formation of the
para-substituted α-diketone 19.

Furthermore, a new simple method for the synthesis of
5-formyl-4-hydroxy[2.2]paracyclophane (15, FHPC), an ef-
ficient chiral inductor molecule, has been found. It has also
been determined that the reduction of the carbonyl group
of the rigid five-membered ring of 2,3-dihydro-2,3-dioxo-
furano[4,5-d][2.2]paracyclophane (8) with LiAlH4 occurs
stereoselectively, with up to 95% diastereoselectivity.

Experimental Section

General: Pyridine was distilled twice from KOH. DMF was distilled
under reduced pressure from P2O5 and stored over molecular sieves
(3 Å). Ethyl acetate was washed with saturated aq. K2CO3, dried
with CaCl2, and distilled from anhydrous K2CO3. Dichlorome-
thane was washed successively with conc. H2SO4, water, and satur-
ated aq. Na2CO3 solution, dried with CaCl2, and successively dis-
tilled from P2O5 and CaH2. Et2O and THF were distilled from
sodium benzophenone ketyl under argon before use. (1S)-(2)-
Camphanic acid was purchased from Fluka; (1S)-(2)-camphanoyl
chloride, oxalyl chloride, and LiAlH4 were purchased from Merck
and were used without purification. The solution of periodic acid
was prepared according to a literature procedure.[24] 4-Hydroxy-
[2.2]paracyclophane was synthesized according to a literature pro-
cedure.[25] NMR: Bruker AMX 400 (400 and 100 MHz, for 1H and
13C, respectively). For 1H NMR spectroscopy the residual proton
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signals of the deuterated solvents were used as internal standards.
MS: KRATOS MS890A (70 eV). IR: SPECORD M 82. Optical
rotations: EPO-1 in a thermostated cell at 20 or 22 °C. TLC: Silica
gel precoated plates ‘‘Silufol UV-254’’ (Chemapol). Column chro-
matography: Kieselgel 60 (Merck). Enantiomeric analysis of 4-hy-
droxy[2.2]paracyclophane was performed by HPLC on heptakis(6-
O-tert-butyldimethylsilyl-2,3-di-O-methyl)-β-cyclodextrin (50% on
OV1701, w/w) at 185 °C with H2 (0.5 bar) or by GC (Perkin2Elmer
Sigma 2000 instrument) on Chiraldex-β-DM (30 m 3 0.25 mm) at
180 °C with He as carrier gas.

Synthesis and Resolution of the Diastereomeric Mixture of 3: (1S)-
(2)-Camphanoyl chloride (4, 2.410 g, 11 mmol) was added to a
solution of racemic 4-hydroxy[2.2]paracyclophane (1, 2.240 g, 10
mmol) in pyridine (25 mL). The mixture was stirred at room temp.
for 1 h, diluted with 200 mL of H2O, and vigorously stirred until a
white precipitate was obtained. The precipitate was removed by
filtration, washed with H2O (5 3 100 mL) and pentane (2 3

40 mL), and dried in vacuo to yield 3.800 g (95%) of the mixture
of diastereomeric esters 3. This material was recrystallized from
90 mL of ethyl acetate to give 0.560 g (14%) of (Rp,1S)-3 as a first
crop (de . 95% according to 1H NMR analysis). From the mother
liquor, 0.411 g (11%) of (Sp,1S)-3 was precipitated as a second crop
(de . 91% according to 1H NMR analysis). The mother liquor was
concentrated and the above procedure was repeated twice, using a
proportional amount of the solvent each time. Combined fractions
enriched in (Rp,1S)-3 (1.150 g) were recrystallized from ethyl acet-
ate to yield 0.780 g (19.4%) of the diastereomer with de 97%. Fur-
ther crystallization from the same solvent gave 0.560 g (14%) of
analytically pure material, m.p. 214.02214.5 °C. [α]D25 5 224.14
(c 5 0.35, CH2Cl2). 1H NMR (C6D6): δ 5 0.83 (s, 3 H, CH3), 0.97
(s, 3 H, CH3), 1.02 (s, 3 H, CH3), 1.38 (m, 2 H), 1.96 (m, 1 H),
2.28 (m, 1 H), 2.49 (m, 1 H), 2.6322.83 (m, 4 H), 2.93 (m, 1 H),
3.0823.27 (m, 2 H), 6.14 (s, 1 H, 5-H, aromatic H), 6.2526.42 (m,
5 H, aromatic H), 7.16 (dd, 3J 5 8.0, 4J 5 2.0 Hz, 1 H, 12-H,
aromatic H). MS (70 eV): m/z (%) 5 404 [M1] (33), 300 (72), 224
(27), 125 (48), 104 (100). C26H28O4 (404.50): calcd. C 77.20, H 6.98;
found C 77.42, H 7.17. Combined fractions enriched in (Sp,1S)-3
(1.221 g) were recrystallized from ethyl acetate to yield 0.772 g
(19%) of analytically pure material, m.p. 2212222 °C. [α]D25 5

124.78 (c 5 0.38, CH2Cl2). 1H NMR (C6D6): δ 5 0.80 (s, 3 H,
CH3), 0.97 (s, 3 H, CH3), 1.07 (s, 3 H, CH3), 1.39 (m, 2 H), 1.92
(m, 1 H), 2.23 (m, 1 H), 2.51 (m, 1 H), 2.6422.83 (m, 4 H), 2.94
(m, 1 H), 3.1323.30 (m, 2 H), 6.12 (s, 1 H, 5-H, aromatic H),
6.2826.40 (m, 5 H, aromatic H), 7.18 (dd, 3J 5 7.8, 4J 5 1.8 Hz,
1 H, 12-H, aromatic H). MS (70 eV): m/z (%) 5 404 [M1] (28), 300
(63), 224 (21), 125 (45), 104 (100). C26H28O4 (404.50): calcd. C
77.20, H 6.98; found C 77.38, H 7.29. All filtrates were combined
and after solvent removal 1.750 g of an equimolar mixture of
(Rp,1S)-3 and (Sp,1S)-3 was obtained, which could be used in the
resolution again.

(R)-4-Hydroxy[2.2]paracyclophane [(R)-1]: LiAlH4 (0.450 g,
11.7 mmol) and anhydrous THF (40 mL) were placed in a flask
equipped with a Soxhlet apparatus charged with (Rp,1S)-3 (0.474 g,
1.17 mmol). The mixture was heated under reflux for 4 h and, after
complete dissolution of (Rp,1S)-3, further refluxed for 8 h. The
mixture was cooled to 0 °C and ethyl acetate (10 mL), H2O
(10 mL), and 2  HCl (50 mL) were successively added. The reac-
tion mixture was extracted with Et2O and the combined organic
layers were washed with H2O (2 3 50 mL) and NaHCO3 solution
and dried with Na2SO4. The solvent was removed in vacuo. The
crude mixture was purified by silica gel chromatography (eluent
CH2Cl2) to yield 0.240 g (92%) of (R)-4-hydroxy[2.2]paracyclo-
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phane (1), m.p. 232.52234.5 °C (ref.[9,10] m.p. 2322234 °C). ee .

99% by GC analysis.

(S)-4-Hydroxy[2.2]paracyclophane [(S)-1]: This was obtained by the
same method from (Sp,1S)-3 (0.451 g, 1.11 mmol) in 94% chemical
yield (0.233 g); m.p. 2292230 °C (ref.[4g] m.p. 225 °C, ref.[10] m.p.
2322234 °). ee . 99% by GC analysis.

Oxaloylation of Racemic 4-Hydroxy[2.2]paracyclophane (1) in the
Presence of AlCl3: A solution of 1 (0.200 g, 0.9 mmol) in CH2Cl2
(10 mL) was added at 0 °C to a red suspension of AlCl3 (0.156 g,
1.18 mmol) in CH2Cl2 (3 mL). The orange suspension was stirred
for 15 min at 0 °C, and oxalyl chloride (5, 0.078 mL, 0.114 g,
0.9 mmol) was then added. The resulting dark brown solution was
stirred at room temp. for 48 h. The reaction mixture was poured
into ice water and vigorously stirred for 10 min. The mixture was
extracted with CH2Cl2 (3 3 15 mL), Et2O (2 3 15 mL), and the
organic layers were washed with H2O (2 3 15 mL), NaHCO3 solu-
tion, and water. The combined organic solutions were dried with
Na2SO4 and the solvent was evaporated in vacuo. The solid residue
(0.160 g) was separated on silica gel with CH2Cl2 and CH2Cl2/
MeOH (5:2). From the combined fractions with Rf 5 0.5 (CH2Cl2),
starting material 1 (0.074 g, 47%) was isolated. From the combined
fractions with Rf 5 0.21 (CH2Cl2), ethyl (4-hydroxy[2.2]paracyclo-
phan-7-yl)glyoxylate (7, 0.019 g, 6.5%) was obtained as a colorless
oil. IR (neat): ν̃ 5 1723 cm21 (C-185O), 1655 (C-175O). 1H NMR
(CDCl3): δ 5 1.40 (t, 3 H, 2CH2CH3), 2.65 (m, 2 H, 2CH2CH22),
3.0023.20 (m, 4 H, 2CH2CH22), 3.35 (m, 1 H, 2CH2CH22),
4.05 (m, 1 H, 2CH2CH22), 4.45 (m, 2 H, 2CH2CH3), 5.00 (s, 1
H, aromatic H), 5.40 (br. s, 1 H, -OH), 6.30 (dd, 3J 5 7.8, 4J 5

1.8 Hz, 1 H, aromatic H), 6.45 (d, 3J 5 7.8 Hz, 1 H, aromatic H),
6.72 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H), 6.85 (d, 3J 5

7.8 Hz, 1 H, aromatic H), 7.10 (s, 1 H, aromatic H). MS (70 eV):
m/z (%) 5 324 [M1], 306 (16), 252 (46), 251 (77), 233 (18), 220
(80), 192 (83), 164 (80), 147 (94), 119 (50), 104 (100). From the
combined fractions with Rf 5 0.20 (CH2Cl2/MeOH, 5:2), (4-hydro-
xy[2.2]paracyclophan-5-yl)glyoxylic acid (6, 0.043 g, 16%) was ob-
tained as a yellow powder, m.p. 190 °C (decomp.). IR (nujol): ν̃ 5

1617 cm21 (C-185O), 1577 (C-175O). 1H NMR ([D6]DMSO): δ 5

2.80 (m, 1 H, 2CH2CH22), 2.70 (m, 1 H, 2CH2CH22),
2.9023.16 (m, 4 H, 2CH2CH22), 3.35 (m, 2 H, 2CH2CH22),
6.13 (d, 3J 5 7.8 Hz, 1 H, aromatic H), 6.3526.50 (m, 3 H, aro-
matic H), 6.58 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H), 6.75
(dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H). 13C NMR (CDCl3):
δ 5 29.83, 33.45, 34.24, 34.84 (C-1, -2, -9, -10), 123.64, 127.65,
138.56, 139.40, 143.18 (C-3, -5, -6, -11, -14), 125.18, 127.53, 130.97,
132.44, 132.92, 138.09, (C-7, -8, -12, -13, -15, -16), 159.14 (C-4),
169.92 (C-185O), 198.79 (C-175O). MS (70 eV): m/z (%) 5 278
(12) [M1 2 H2O], 250 (25), 146 (5), 104 (100). C18H16O2·H2O
(314.20): calcd. C 68.81, H 5.73; found C 68.98, H 5.60.

Oxaloylation of Racemic 4-Hydroxy[2.2]paracyclophane (1) in the
Presence of TiCl4: TiCl4 (0.176 mL, 0.300 g, 1.6 mmol) and oxalyl
chloride (0.16 mL, 0.180 g, 1.4 mmol) were successively added at 0
°C to a solution of 1 (0.250 g, 1.12 mmol) in CH2Cl2 (12.5 mL),
and the resulting dark cherry-colored solution was stirred at room
temp. for 1 h. The reaction mixture was poured into ice/water and
vigorously stirred for 10 min. The mixture was extracted with
CH2Cl2 (3 3 15 mL), the orange organic layer was washed with
H2O (2 3 15 mL), NaHCO3 solution, and H2O, and dried with
Na2SO4, and the solvent was evaporated in vacuo to yield 0.307 g
(99%) of 2,3-dihydro-2,3-dioxofurano[4,5-d][2.2]paracyclophane
(8). An analytically pure sample of 8 was prepared by crystalliza-
tion from heptane, m.p. 1742176 °C. IR (vaseline): ν̃ 5 1822 cm21

(C-185O), 1727 (C-175O). 1H NMR (CDCl3): δ 5 2.80 (m, 1 H,
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2CH2CH22), 2.92 (m, 1 H, 2CH2CH22), 3.0623.26 (m, 4 H,
2CH2CH22), 3.40 (m, 1 H, 2CH2CH22), 3.90 (m, 1 H,
2CH2CH22), 6.37 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H),
6.48 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H), 6.60 (d, 3J 5

7.8 Hz, 1 H, aromatic H), 6.70 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H,
aromatic H), 6.81 (d, 3J 5 7.8 Hz, 1 H, aromatic H), 6.84 (dd, 3J 5

7.8, 4J 5 1.7 Hz, 1 H, aromatic H). 13C NMR (CDCl3): δ 5 28.92,
31.17, 33.27, 33.80 (C-1, -2, -9,-10), 121.27, 124.94, 138.73, 140.12,
144.38 (C-3, -5, -6, -11, -14), 127.67, 129.78, 131.41, 133.61, 134.19,
145.36 (C-7, -8, -12, -13, -15, -16), 156.39 (C-4), 161.98 (C-185O),
178.13 (C-175O). MS (70 eV): m/z (%) 5 278 (30) [M1], 251 (14),
146 (10), 104 (100). C18H14O3 (278.29) calcd. C 77.68, H 5.07;
found C 77.65, H 5.00.

Oxaloylation of (R)-4-Hydroxy[2.2]paracyclophane [(R)-1]: The syn-
thesis was carried out as described for the racemic compound,
starting from (R)-1 (0.058 g, 0.26 mmol), TiCl4 (0.037 mL, 0.064 g,
0.34 mmol), and oxalyl chloride (0.022 mL, 0.033 g, 0.26 mmol), to
yield 0.069 g (96%) of (R)-8. An analytically pure sample was pre-
pared by crystallization from heptane (0.038 g, 53%), m.p.
181.22182.5 °C. [α]D22 5 2699 (c 5 0.4, C6H6). C18H14O3 (278.29)
calcd. C 77.68, H 5.07; found C 78.04, H 4.95.

Oxaloylation of (S)-4-Hydroxy[2.2]paracyclophane [(S)-1]: The syn-
thesis was carried out as described for the racemic compound,
starting from (S)-1 (0.084 g, 0.38 mmol), TiCl4 (0.05 mL, 0.093 g,
0.49 mmol), and oxalyl chloride (0.032 mL, 0.048 g, 0.38 mmol), to
yield 0.100 g (96%) of (S)-8. An analytically pure sample was pre-
pared by crystallization from heptane (0.058 g, 56%), m.p.
181.22182.5 °C. [α]D22 5 1697 (c 5 0.4, C6H6). C18H14O3 (278.29)
calcd. C 77.68, H 5.07; found C 77.66, H 5.18.

(4-Hydroxy[2.2]paracyclophan-5-yl)glyoxylic Acid (6): A solution of
8 (0.145 g, 0.5 mmol) in a 1:1 mixture of CH2Cl2/CHCl3 (5 mL)
was placed on silica gel and washed with 200 mL of CH2Cl2 until
the orange-colored zone stopped moving through the column. The
solvent was changed to methanol, allowing the collection of the
yellow compound with Rf , 0.1 (CH2Cl2). This was additionally
purified by silica gel chromatography with C6H6/MeOH (4:1), to
give 0.125 g (81%) of (4-hydroxy[2.2]paracyclophan-5-yl)glyoxylic
acid (6).

Oxaloylation of 2-Isopropyl-5-methylphenol with TiCl4: TiCl4
(0.48 mL, 0.830 g, 4.34 mmol) and oxalyl chloride (0.3 mL, 0.430 g,
3.34 mmol) were successively added at 0 °C to a solution of thymol
(0.500 g, 3.34 mmol) in CH2Cl2 (20 mL), and the resulting dark red
solution was stirred at room temp. for 48 h. The reaction mixture
was poured into ice/water and was vigorously stirred for 10 min.
The mixture was extracted with CH2Cl2 (4 3 20 mL), the yellow
organic layer was washed with H2O (2 3 15 mL), NaHCO3 solu-
tion, and water, and dried with Na2SO4, and the solvent was evap-
orated in vacuo to give 0.590 g of the crude product as a yellow
oil. The mixture was separated on silica gel with CH2Cl2 as the
eluent. From the fractions with Rf 5 0.50 (CH2Cl2), the starting
thymol (0.385 g, 77%) was isolated. From the combined fractions
with Rf 5 0.63 (CH2Cl2/MeOH, 20:1), bis(4-hydroxy-5-isopropyl-
2-methylphenyl) diketone (0.011 g, 3%) was collected. 1H NMR
(CDCl3): δ 5 1.15 (d, 6 H, 2CHCH3), 2.40 (s, 3 H, 2CH3), 3.15
(m, 1 H, 2CHCH3), 5.25 (br. s, 1 H, 2OH), 6.62 (s, 1 H, aromatic
H), 7.19 (s, 1 H, aromatic H). MS (70 eV): m/z (%) 5 326 (33)
[M1], 311 (100), 295 (25), 283 (86), 269 (38), 268 (45). From the
combined fractions with Rf 5 0.22 (CH2Cl2/MeOH, 20:1), (2-hy-
droxy-3-isopropyl-6-methylphenyl)oxoacetic acid (0.117 g, 16%)
was collected. 1H NMR ([D6]DMSO): δ 5 1.16 (d, 6 H,
2CHCH3), 2.15 (s, 3 H, 2CH3), 3.15 (m, 1 H, 2CHCH3), 6.55 (d,



Resolution and Novel Reactions of 4-Hydroxy[2.2]paracyclophane FULL PAPER
1 H, aromatic H), 7.05 (d, 1 H, aromatic H), 13.90 (s, 1 H, 2OH).
MS (70 eV): m/z (%) 5 204 (3) [M1 2 H2O], 176 (87), 161 (89),
149 (37), 148 (100), 133 (50), 120 (31).

O-Acylation of 4-Hydroxy[2.2]paracyclophane (1) with Oxalyl
Chloride (5): Compound 1 (0.150 g, 0.67 mmol) was added in por-
tions to a solution of oxalyl chloride (5, 0.076 mL, 0.085 g,
0.67 mmol) and 4-(dimethylamino)pyridine (0.160 g, 1.34 mmol) in
CH2Cl2 (9 mL), and the mixture was stirred for 0.5 h at room temp.
The solvent was removed in vacuo and the residue was purified
by column chromatography on silica gel with CH2Cl2 as eluent to
produce 0.150 g (89%) of dimer 13. An analytically pure sample of
13 (0.090 g, 82%) was obtained as a white powder by two successive
crystallizations from C6H6, m.p. 242.52244.5 °C. IR (KBr): ν̃ 5

3448 cm21 (2OC(O), 2950 (2OAr), 1740 (C-17,1795O). 1H NMR
(CDCl3): δ 5 2.85 (m, 2 H, 2CH2CH22), 3.0023.25 (m, 12 H,
2CH2CH22), 2.35 (m, 2 H, 2CH2CH22), 6.30 (br. s, 2 H, 5-H,
5-H9, aromatic H), 6.4726.65 (m, 10 H, aromatic H), 7.06 (dd,
3J 5 7.8, 4J 5 1.7 Hz, 2 H, aromatic H). 13C NMR (CDCl3): δ 5

32.32, 32.35 (C-2, -29), 35.07, 35.64, 36.00 (C-1, -19, -9, -99, -10, -
109), 131.52, 139.91, 140.14, 142.94 (C-3,- 39, -69, -6, -11, -119, -
14, -149), 149.21 (C-4, -49), 156.17, 156.25 (C-17, C-1795O). MS
(70 eV): m/z (%) 5 502 (5) [M1], 296 (4), 223 (16), 120 (37), 104
(100). C34H30O4 (502.58) calcd. C 81.25, H 6.02; found C 81.31,
H 5.80.

Soxhlet Reduction of 2,3-Dihydro-2,3-dioxofurano[4,5-d][2.2]paracy-
clophane (8): LiAlH4 (0.219 g, 5.76 mmol) and anhydrous ether
(50 mL) were placed in a flask equipped with a Soxhlet extractor
charged with 8 (0.160 g, 0.576 mmol). After this had been heated
under reflux for 6 h, all 8 had dissolved; the mixture was then co-
oled to 0 °C and ethyl acetate (10 mL), H2O (10 mL), and 2  HCl
(50 mL) were added successively. The mixture was extracted with
Et2O, the combined organic layers were washed with H2O (2 3

50 mL) and NaHCO3 solution and dried with Na2SO4, and the
solvent was removed in vacuo to give 0.155 g of crude 5-(1,2-dihy-
droxyethyl)-4-hydroxy-[2.2]paracyclophane (14). As shown by 1H
NMR spectroscopy, the ratio of diastereomeric diols (R*,R*)/
(R*,S*)-14 was 94:6 (de 88%). The mixture was separated by chro-
matography on silica gel with benzene/ethyl acetate (1:1) as eluent.
From the combined fractions with Rf 5 0.38 (benzene/ethyl acetate,
1:1), (R*,R*)-14 (0.094 g, 58%) was obtained. C18H20O3 (284.34)
calcd. C 76.03, H 7.09; found C 76.04, H 6.82. This fraction was
recrystallized from CHCl3 to yield (R*,R*)-14 (0.048 g, 29%) as
colorless crystals, m.p. 1392141 °C. 1H NMR (CDCl3): δ 5 2.57
(m, 1 H, 2CH2CH22), 2.75 (m, 1 H, 2CH2CH22), 2.9523.25 (m,
2 H, 2CH2CH22), 3.3824.50 (m, 3 H, 2CH2CH22), 3.42 (dd,
2J 5 11.2, 3J 5 3.7 Hz, 1 H, CH2), 3.46 (m, 1 H, 2CH2CH22),
3.52 (dd, 2J 5 11.2, 3J 5 3.7 Hz, 1 H, CH2), 4.94 (m, 1 H, α-H),
6.16 (d, 3J 5 7.8 Hz, 1 H, aromatic H), 6.38 (d, 3J 5 7.8 Hz, 1 H,
aromatic H), 6.43 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H),
6.57 (dd, 3J 5 7.8, 4J 5 1.7 Hz, 1 H, aromatic H), 6.69 (dd, 3J 5

7.8, 4J 5 1.7 Hz, 1 H, aromatic H), 7.01 (dd, 3J 5 7.8, 4J 5 1.7 Hz,
1 H, aromatic H), 8.9 (s, 1 H, OH). MS (70 eV): m/z (%) 5 284
(11) [M1], 266 (29), 174 (0.39), 162 (40), 147 (7), 144 (30), 134 (75),
104 (79). From the combined fractions with Rf 5 0.27 (benzene/
ethyl acetate, 1:1), (R*,S*)-14 (0.006 g, 4%) was obtained. 1H NMR
(CDCl3): δ 5 2.70 (m, 1 H, 2CH2CH22), 2.8923.20 (m, 6 H,
2CH2CH22), 3.40 (m, 1 H, 2CH2CH22), 4.15 (d, J 5 4.7 Hz, 2
H, CH2), 4.85 (m, 1 H, α-H), 6.16 (d, 3J 5 7.8 Hz, 1 H, aromatic
H), 6.37 (d, 3J 5 7.8 Hz, 1 H, aromatic H), 6.39 (dd, 3J 5 7.8,
4J 5 1.8 Hz, 1 H, aromatic H), 6.56 (dd, 3J 5 7.8, 4J 5 1.7 Hz, 1
H, aromatic H), 6.65 (dd, 3J 5 7.8, 4J 5 1.7 Hz, 1 H, aromatic H),
6.81 (dd, 3J 5 7.8, 4J 5 1.7 Hz, 1 H, aromatic H), 7.70 (br. s, 1 H,
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OH). MS (70 eV): m/z (%) 5 284 (3) [M1], 266 (8), 264 (15), 252
(40), 161 (14), 145 (10), 144 (29), 104 (100).

Reduction of 2,3-Dihydro-2,3-dioxofurano[4,5-d][2.2]paracyclophane
(8): LiAlH4 (0.197 g, 5.2 mmol) was added to a solution of crude
8 (0.142 g, 0.52 mmol) in anhydrous Et2O (50 mL) and the mixture
was refluxed for 6 h. The mixture was cooled to 0 °C and ethyl
acetate (10 mL), H2O (10 mL), and 2  HCl (50 mL) were added
successively. The reaction mixture was worked up as described
above to provide 0.145 g of crude 5-(1,2-dihydroxyethyl)-4-hydroxy-
[2.2]paracyclophane (14). The ratio of diastereomeric vicinal diols
(R*,R*)/(R*,S*)-14 was determined by 1H NMR spectroscopy as
88:12 (de 76%). The mixture was separated on silica gel with ben-
zene/ethyl acetate (1:1) as eluent. From the combined fractions with
Rf 5 0.2720.38 (benzene/ethyl acetate, 1:1), a mixture of (R*,R*)/
(R*,S*)-14 (0.102 g, 70%) was obtained.

Oxidative Cleavage of 5-(1,2-Dihydroxyethyl)-4-hydroxy[2.2]paracy-
clophane (14) with Periodic Acid: A solution of periodic acid
(0.044 g, 0.194 mmol) in Et2O (2.32 mL) was added to a solution
of the diastereomeric (R*,R*)/(R*,S*)-14 mixture (88:12, 0.055 g,
0.194 mmol) in Et2O (2 mL), and the reaction mixture was stirred
at room temp. for 1 h until a residue of HIO3 precipitated as a
yellowish powder. The reaction mixture was successively washed
with Na2S2O3 solution, H2O, and Na2CO3 solution, and dried with
Na2SO4. The solvent was removed in vacuo and the yellow residue
(0.050 g) was purified by chromatography on silica gel with benzene
as eluent to yield 0.037 g (72%) of FHPC (15).

Synthesis of FHPC (15) on a Preparative Scale: Acylation of 1
(1.020 g, 4.54 mmol) in CH2Cl2 (50 mL) with oxalyl chloride
(0.53 mL, 0.590 g, 4.7 mmol) and TiCl4 (0.67 mL, 1.159 g,
6.1 mmol) produced after workup 1.250 g (99%) of 2,3-dihydro-2,3-
dioxofurano[4,5-d][2.2]paracyclophane (8). Without purification,
this was reduced with LiAlH4 (1.730 g, 45.4 mmol) in dry Et2O
(250 mL) to yield 1.230 g of crude 5-(1,2-dihydroxyethyl)-4-hydro-
xy[2.2]paracyclophane (14), which was dissolved in Et2O (30 mL)
and oxidized with a periodic acid solution in Et2O (72 mL, 1.370 g,
4.6 mmol). After workup, the yellow solid (ca. 1 g) was purified on
a short column (SiO2, eluent CH2Cl2) to provide 0.570 g (50%) of
pure 15 and 0.370 g of a mixture of unidentified products.

4-Methoxy[2.2]paracyclophane (18): NaH (0.010 g, 0.24 mmol) was
added to a solution of 1 (0.050 g, 0.22 mmol) in DMF (1 mL), the
resulting brown solution was stirred at room temp. for 1 h, and
MeI (0.021 mL, 0.047 g, 0.33 mmol) was added. The reaction mix-
ture was stirred for an additional 2 h, diluted with H2O (10 mL),
extracted with Et2O (5 3 20 mL), and dried with Na2SO4. After
evaporation of the solvent, the solid residue was purified by column
chromatography on silica gel (eluent C6H6) to furnish 0.068 g (94%)
of 18. Crystallization from EtOH yielded 0.049 g (68%) of 18, m.p.
1142115.5 °C (ref.[23] m.p. 1162117 °C).

(R)-4-Methoxy[2.2]paracyclophane [(R)-18]: This was prepared by
treatment of (R)-1 (0.070 g, 0.3 mmol) in DMF (1.5 mL) with NaH
(0.013 g, 0.33 mmol) and MeI (0.028 mL, 0.064 g, 0.45 mmol), to
give 0.072 g (98%) of (R)-18. An analytically pure sample was ob-
tained by crystallization from EtOH (0.037 g, 50%), m.p.
126.52128.0 °C (ref.[23] m.p. 1162117° C, for racemic 18). [α]D20 5

219.23 (c 5 0.52, CHCl3). The 1H NMR spectroscopic data agreed
with those of the of racemic sample. C17H18O (238.20): calcd. C
85.72, H 7.61; found C 85.75, H 7.57.

Oxaloylation of 4-Methoxy[2.2]paracyclophane (18): TiCl4
(0.06 mL, 0.110 g, 0.56 mmol) and oxalyl chloride (0.049 mL,
0.055 g, 0.43 mmol) were added to a solution of 4-methoxy[2.2]-
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paracyclophane (18, 0.100 g, 0.43 mmol) in CH2Cl2 (4.5 mL),
cooled to 0 °C, and the resulting dark violet solution was stirred
at room temp. for 1 h. The reaction mixture was poured into a
mixture of 2  HCl and ice and vigorously stirred for 0.5 h. The
mixture was extracted with CH2Cl2 (3 3 50 mL), and the combined
organic layers were successively washed with H2O (2 3 50 mL),
NaHCO3 solution, and H2O, and dried with Na2SO4. After solvent
removal in vacuo, 0.129 g (98%) of 19 was obtained as a mixture
of two diastereomers in 1:1.3 ratio (1H NMR analysis). Recrystal-
lization from benzene/heptane (1:1.5) yielded 0.030 g (27%) of (R*
,R*)-19, m.p. 2632265 °C. IR (KBr): ν̃ 5 3340 cm21 (2OCH3)
2927, 2850 (2OAr), 1647 (17-C5O). 1H NMR (CDCl3): δ 5 2.48
(m, 2 H), 2.82 (m, 2 H), 2.9323.34 (m, 10 H), 3.78 (s, 6 H, OCH3),
4.21 (m, 2 H), 5.80 (s, 2 H, 5-H, 59-H, aromatic H), 6.48 (dd, 3J 5

7.8, 4J 5 1.8 Hz, 2 H, aromatic H), 6.54 (dd, 3J 5 7.8, 4J 5 1.7 Hz,
2 H, aromatic H), 6.70 (dd, 3J 5 7.8, 4J 5 1.7 Hz, 2 H, aromatic
H), 6.79 (s, 2 H, 8-H, 89-H, aromatic H), 6.85 (dd, 3J 5 7.8, 4J 5

1.7 Hz, 2 H, aromatic H). 13C NMR (CDCl3): δ 5 31.28, 33.46,

Table 1. Summary of the crystal data, data collection, and refinement parameters for the four crystal structures reported in this paper

Compound (Rp,1S)-3 (Sp,1S)-3 rac-8 (S)-8

Empirical formula C26H28O4 C26H28O4 C18H14O3 C18H14O3

Mr 404.48 404.48 278.29 278.29
Crystal habit colorless prism colorless plate orange prism orange prism
Crystal size [mm] 0.3 3 0.1 3 0.1 0.6 3 0.3 3 0.2 0.4 3 0.4 3 0.8 0.3 3 0.3 3 0.1
Crystal system orthorhombic monoclinic monoclinic orthorhombic
Space group P212121 P21 P21/n P212121

Cell constants:
a [Å] 13.1342(6) 7.541(5) 7.829(2) 7.746(1)
b [Å] 13.4024(6) 11.269(2) 18.055(4) 9.271(2)
c [Å] 23.581(1) 12.815(2) 9.289(2) 18.111(3)
β [°] 2 91.54(4) 90.585(5) 2

V [Å3] 4151.0(3) 1088.6(7) 1313.0(5) 1300.5(4)
Z 8 2 4 4
Dcalcd. [g cm23] 1.294 1.234 1.408 1.421
Diffractometer Bruker SMART CAD4 Enraf2Nonius Bruker SMART Bruker SMART
T [K] 110(2) 293(2) 220(2) 110(2)
Radiation Mo-Kα (λ 5 0.71073) Mo-Kα (λ 5 0.71073) Mo-Kα (λ 5 0.71073) Mo-Kα (λ 5 0.71073)
Scans mode and ω θ 2 5/3θ and ω and ω
2θmax, deg 63.46 49.94 60.38 60.00
Abs.coeff., µ(Mo-Kα), cm21 0.86 0.82 0.95 0.96
Absorption correction none none none none
Structure solution direct method direct method direct method direct method
Refinement method full-matrix, full-matrix, full-matrix, full-matrix,

least squares on F2 least squares on F2 least squares on F2 least squares on F2

No. of reflections collect 54172 2257 19678 10099
No. of independent reflections 13085 (Rint 5 0.0904) 2016 (Rint 5 0.0956) 3826 (Rint 5 0.0544) 3768 (Rint 5 0.0622)
No. of reflections used 13085 1995 3797 3768
in refinement
No. of observed 11601 1620 2110 3201
reflections [I . 2σ(I)]
Absolute structure parameter 0.12(49) 1.22(243) 2 20.4(10)
No. of parameters 765 271 291 246
R1 (on F for obsd. refls)[a] 0.0492 0.0577 0.0667 0.0542
wR2 (on F2 for all refl.)[b] 0.1253 0.1806 0.2215 0.1347
Weighting scheme w21 5 σ2(Fo

2) 1 (aP)2 1 bP w21 5 σ2(Fo
2) 1 (aP)2 1 bP w21 5 σ2(Fo

2) 1 (aP)2 1 bP w21 5 σ2(Fo
2) 1 (aP)2 1 bP

P 5 1/3(Fo
2 1 2Fc

2) P 5 1/3(Fo
2 1 2Fc

2) P 5 1/3(Fo
2 1 2Fc

2) P 5 1/3(Fo
2 1 2Fc

2)
a 0.1000 0.1340 0.1000 0.1000
b 0.0000 0.0371 0.0000 0.0000
F(000) 1744 432 584 584
GOOF 0.915 1.030 1.097 0.978
Largest diff. peak and hole [eÅ23] 0.460 and 20.238 0.231 and 20.218 0.224 and 20.158 0.431 and 20.265
Deposition number CCDC- -165489 -165329 -165328 -165327

[a] R1 5 Σ||Fo| 2 |F||/Σ(Fo) for observed reflections. [b] wR2 5 {Σ[w(F2
o 2 F2

c)2/Σ[w(F2
o)2]}0.5 for all reflections.
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34.81, 35.46 (C-1, -2, -9, -10), 54.78 (OCH3), 127.12, 127.39, 139.04,
139.71, (C-3, -6, -11, -14), 120.17, 128.29, 130.91, 133.06, 133.22,
139.98 (C-5, -8, -12, -13, -15, -16), 147.87 (C-7), 161.71 (C-4),
195.44 (C5O). MS (70 eV): m/z (%) 5 530 (3) [M1], 266 (39), 265
(100), 161 (75), 104 (14). C36H34O4 (530.20) calcd. C 81.48, H 6.46;
found C 81.76, H 6.59. From the combined filtrates, the chemical
shifts for (R*,S*)-19 were determined: 1H NMR (CDCl3): δ 5 2.50
(m, 2 H), 2.80 (m, 2 H), 2.9523.42 (m, 10 H), 3.80 (s, 6 H, OCH3),
4.39 (m, 2 H), 5.77 (s, 2 H, 5-H, 59-H, aromatic H), 6.35 (dd, 3J 5

7.8, 4J 5 1.8 Hz, 2 H, aromatic H), 6.54 (dd, 3J 5 7.8, 4J 5 1.7 Hz,
2 H, aromatic H), 6.7026.74 (m, 4 H, 3J 5 7.8, 4J 5 1.7 Hz, aro-
matic H), 6.95 (s, 2H, 8-H, 89-H, aromatic H).

Oxaloylation of (R)-18: This was performed as described above for
racemic 18, starting from (R)-18 (0.037 g, 0.155 mmol), TiCl4
(0.022 mL, 0.038 g, 0.20 mmol), and oxalyl chloride (0.013 mL,
0.020 g, 0.155 mmol) to yield 0.039 g (95%) of (R,R)-19, m.p.
2442245.5 °C. [α]D20 5 1125.0 (c 5 0.48, CHCl3). 1H NMR
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(CDCl3), δ 5 2.48 (m, 2 H), 2.82 (m, 2 H), 2.9323.34 (m, 10 H),
3.80 (s, 6 H, OCH3), 4.41 (m, 2 H), 5.80 (s, 2 H, 5-H, 59-H, aromatic
H), 6.49 (dd, 3J 5 7.8, 4J 5 1.8 Hz, 1 H, aromatic H), 6.54 (dd,
3J 5 7.8, 4J 5 1.7 Hz, 1 H, aromatic H), 6.70 (dd, 3J 5 7.8, 4J 5

1.7 Hz, 2 H, aromatic H), 6.78 (s, 2 H, 8-H, 89-H, aromatic H),
6.85 (dd, 3J 5 7.8, 4J 5 1.7 Hz, 2 H, aromatic H). C36H34O4

(530.20) calcd. C 81.48, H 6.46; found C 81.38, H 6.57.

X-ray Crystallography: A summary of the crystal data, data collec-
tion, and refinement parameters for the four crystal structures re-
ported in this paper is given in Table 1. Crystallographic data for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary pub-
lications (see ref. numbers in Table 1). Atomic coordinates, full
bond lengths and angles, and thermal parameters are available
from the Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-
033; E-mail deposit@ccdc.cam.ac.uk].
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