3060 J. Am. Chem. S0d.998,120, 3060-3067

Totally and Partially Saturated Calixarene Analogues

Ishay Columbus and Silvio E. Biali*

Contribution from the Department of Organic Chemistry, The Hebreweéisity of Jerusalem,
Jerusalem 91904, Israel

Receied December 2, 1997

Abstract: Catalytic hydrogenation (Pd/C) of calix[4]arene afforded derivatives in which éaje tvo distal

(7f) or all phenols 11 and 13d) have been hydrogenateda adopts a conformation in which the phenol
groups are oriented syn and the cyclohexanol (with an axial OH group) exists in an anti-down arrangement.
The cyclohexanol rings off adopt an anti-down/gauche-down conformation and both the equatorial and axial
cyclohexanol OH groups are involved in hydrogen bonding. The configuration of the perhydroxanthene subunits
of the saturated diethdrl is cis-syn-ciswith all C—O bonds located in axial positions of the cyclohexyl rings.

In the saturated metacyclophah8d pairs of methine hydrogens at the four rings are arranged alternately
above and below the mean macrocyclic plane. Calculations with the MM3 program indicafa Hvad 13d

are the lowest energy isomers.

Introduction isomer: (i) The conformation (chair or twist) of the saturated
rings. (ii) The location of the bridging methylene groups and
the OH in the saturated rings (e.g., equatorial or axial). (iii)
The conformation adopted along the cyclohex@H, bonds
(i.e., gauche or anti).

In this article we describe the preparation of partially and
tally saturated calix[4]arenes derivatives and analyze the
configurational isomerism and conformation of the systems.

The cyclodextrins are one of the most thoroughly investigated
molecular host$. In these systems several six-membered sugar
units are arranged along a macrocycle and delimit a molecular
cavity. A class of compounds which has not received much
attention are [{]-metacyclophanes derivatives incorporating to
cyclohexanol rings in the macrocyclic skeleton (el2°® The
macrocyclic compound is in principle synthetically amenable
by the hydrogenation op-tert-butylcalix[4]arene 2).4 The Results and Discussion
saturated calixarenes are of interest both as potential synthetic Substrate for the Hydrogenation. The choice of3 as the
intermediates for the preparation of functionalized calixarenes, substrate for the hydrogenation rather than the papetett
and per se, as novel host systems. butylcalix[4]arene 2) was based on two considerations: (i) The
phenol rings in3 are more sterically accessible thanZnthus
a more facile hydrogenation was expected. (ii) Because 16
stereocenters are present in the hydrogenation produ2tihof
methine carbons), if the reaction proceeds without any stereo-
selectivity, a very complex stereoisomeric mixture might be
obtained. The use of the dert-butylated calix[4]aren8 was
expected to render the product analysis somewhat more
manageable because the number of stereocenters in the totally
hydrogenated product is reduced to 12.

Preparation of Hexahydro- and Dodecahydrocalixarene
Derivatives. Attempts to hydrogenatgunder drastic conditions

A large number of isomers are possible tordue to the (1450 psi H, Raney Ni/240°C) afforded the diethet,® which
presence of several stereocenters. In addition to the orientationSUggests that a tetracyclohexanol derivative is probably formed,
of the aromatic rings, several factors should be taken into Put subsequently undergoes intramolecular dehydration. We

consideration for the conformational characterization of a given decided to attempt the hydrogenation using Pd/C which proved
successful in the hydrogenation of several polyphenyl benfenes.
(1) Bender, M. L.; Komiyama, MCyclodextrin ChemistrySpringer- In parallel to our studies, Harrowfield and co-workepser-

Verlag: Berlin, 1978. . . . s .
(2) For recent reviews on the conformation of cyclohexyl rings, see: (a) formed the hydrogenation 08 with RhCl-3H,0° which

Conformational Behaior of Six Membered Ringsuaristi, E., Ed.; VCH afforded the calixketon& as the main product (eq 1.

iuglisherSZJ NEevrﬁmorléhl%}S- (b)fhﬁ\?knn, G %hgm-llQ?E f;g‘ 1. (g) The preparation of partially saturated calix[4]arenes analogues
nderson, J. E. e Chemistry o anes and Cycloalkaneatai, S., i i ; ;
Rappoport, Z., Eds.; Wiley: Chichester, 1992, Chapter 3. (d) Eliel, E. L.; was achle:/ed by halting the _hydroge_nat|0n30f600 p_SI H,
Wilen, S. H.Stereochemistry of Organic Compountléiley: New York, Pd/C, 100°C) before completion. This afforded a mixture of
1994. (5) Grynszpan, F.; Biali, S. EChem. Commuri996 195.

(3) For a recent example of a paracyclophane incorporating a cyclohexyl  (6) For example, see: Columbus, I.; Hoffman, R. E.; Biali, SJEAm.
ring, see: Yang, F.-M,; Lin, S.-TJ. Org. Chem1997, 62, 2727. Chem. Soc1996 118 6890.

(4) For reviews on calixarenes, see: (a) Gutsche, CCélixarenes (7) (a) Bilyk, A.; Harrowfield, J. M.; Skelton, B. W.; White, A. HAn.

Royal Society of Chemistry: Cambridge, 1989. (glixarenes: A Versatile Quim. Int. EA.1997, 93, 363. (b) Bilyk, A.; Harrowfield, J. M.; Skelton, B.
Class of Macrocyclic Compoungd¥icens, J., Bbmer, V., Eds.; Kluwer: W.; White, A. H.J. Chem. Soc., Dalton Tran$997, 4251.

Dordrecht, 1991. (c) Bamer, V.Angew. Chem., Int. Ed. Engl995 34, (8) Azran, J.; Buchman, O.; Amer, |.; Blum, J.Mol. Catal.1986 34,
713. (d) Gutsche, C. DAldrichimica Actal995 28, 1. 229.
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Scheme 1

6a 6b
cis-cis cis-trans
RrS SS

anti-up gauche-down

Figure 1. The four staggered conformations of a calixarene derivative

in which one phenol ring has been replaced by a cyclohexyl. The phenol
rings are assumed to exist in a syn arrangement.

cis-trans trans-trans
RR RsS

Table 1. Calculated (MM3) Relative Steric Energies (RSE, in kcal
mol) of Selected Conformers of Partially Hydrogenated
Calixarene Derivativés

starting material, and hexahydro- and the distal (1,3)-dodeca- c

om-

hydrocalix[4]arene derivative8 and7 (eq 1). pound configuration conformation RSE

6a  RrS (cis-cis) anti-up 6.5

O gauche-down 4.0

" a anti-down 0.0

OH b he- 16.2

OH HO gauche-up

O OH O Q OHO:O @ 6d RsS (trans-trans) anti-up 8.5
gauche-down 0.9

O anti-down 2.8

gauche-up 17.4

7a  RrS/RrS (cis-cis/cis-cis)  gauche-down/gauche-down 10.8

3

anti-down/gauche-up 17.2

‘ ‘ anti-down/anti-down 0.0

OH 7c  RrS/IRsS gauche-up/gauche-up 7.5

O OH HO O + Q OHOSO @ (1) (cis-cis/trans-trans) anti-up/gauche-up 13.6
OH OH gauche-up/anti-up 15.6

O ‘ anti-down/anti-down 6.8
7f 20.5

6 7

RrS/SsR gauche-up/gauche-down
(cis-cis/trans-trans) anti-down/gauche-down 14
gauche-down/anti-down 8.8
a: Hy/RhCl3 3H,0, RT  b: H,/Pd/C, 100 °C anti-down/anti-up 10.0
7h  RrS/SrR gauche-up/gauche-down 28.2
Hexahydrocalix[4]arene derivative. (a) Isomerism. Four (cis-cis/cis-cis) anti-down/gauche-down 77
- . . . . anti-down/anti-up 7.8
configurational isomers are possible (Scheme 1). Theis- 7p  RsS/RsS gauche-down/gauche-down 1.9
transisomerséb (SS)and6c (RR represent enantiomers, and (trans-trans/trans-trans) anti-up/gauche-down 12.2
theall-cis andall-trans forms 6a (Rr§ and6d (RsS)are achiral anti-down/anti-down 7.0
mesoforms? In general, the chair form is the lowest energy /" RSg‘:{fﬁstraﬂs/trans_trans) gﬁ:;_cdh:\;,lﬁ,?/%i%ﬂ;e_;down 158'70
conformation of a cyclohexyl ring, and in this form an equatorial ami_up,am?_down P 12.9
disposition of an alkyl substituent is of lower energy thanthat g RS (cis) anti-up 2.2
in an axial dispositiod® On this basis, thenesoforms 6a and gauche-down 0.2
6d are expected to be energetically preferred over the enantio- a”“'dhOW” 10609
i ' . gaucne-up .
”?e”c pa_lr 6b/6c because only in themeso forms a“? a 10a RS/RS (cis/cis) gauche-down/gauche-down 2.9
dlequatqual arrangement of the cyclohexyl—ﬂbd)nds pqssmle. anti-down/gauche-up 71
Harrowfield and co-workers obtained by NaBkeduction of anti-down/anti-down 0.0
5, a mixture of6aand6d (the major product), and both products ~ 10b  RS/SR (cis/cis) gat{cdhE-UF;/gaU%he(-deWH 117-71
H _ anti-aown/gauche-aown .
were characterized by X-ray crystallograpfy. anti-down/anti-up 57

Conformation. By analogy taintraannular monosubstituted

calix[4]arene derivatives, it is highly likely that the three phenol ~ ®Energies o, 7, 8, and10 are relative to the lowest energy form
of each compound (e.g., the anti-down conforme6afor 6).

(9) Because the alcohol carbonBa and6d qualifies as a pseudoasym-
metric center (i.e., a stereogenic nonchirotopic atom), its configuration is rings of 6a and 6d prefer a syn arrangement (the three rings

described with a lowercase letter (Cahn, R. S.; Ingold, C.; Prelogngew. : : : “ W ” ;
Chem., Int. Ed. EngL968 6, 385). See also: Mislow, K.. Siegel. 3. Am. identically oriented “above” or “below” the mean macrocyclic

Chem. Soc1984 106, 6, 3319. plane) in order to allow for intramolecular hydrogen bonds. In
(10) For exceptions to these rules, see: (a) Golan, O.; Goren, Z.; Biali, principle, the saturated ring can orient its OH (“C,") carbon

S. E.J. Am. Chem. S0d99Q 112, 9300. (b) Biali, S. EJ. Org. Chem. a1y - . s P
1992 57, 2979. () Kang, F.-A.; Yin, C.-LJ. Am. Chem. S0d997, 119 up” (toward the calixarene “upper rinf'Figure 1) or “down

8562. (d) Weiser, J.; Golan, O.; Fitjer, L.; Biali, S. E.Org. Chem1996 (toward the “lower rim”). Assuming that only staggered
61, 8277. (e) ref 6. arrangements are adopted along the cyclohexy{@ds, two
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different conformations (gauche and afitire feasible for either ‘ (RS)

the up or down arrangements. The gauche-down form re- Me
sembles a cone conformation, and the anti-up and gauche-up O O R
forms somewhat resemble a partial cone conformation in which Ve

the saturated ring is pointing in the opposite direction to the O R2

rest of the rings.
(c) Rotational Processes in 6.A rigid 120° rotation of the
cyclohexyl ring along the cyclohexylCH, bonds interconverts

8
the anti-up= gauche-down conformers as well as the anti-down ‘ ‘
= gauche-up forms. The transition between the two anti (or
two gauche) forms requires that all rings rotate through the Q @ @ Q
macrocyclic annulus, in a process analogous to the cone-to-

9aR'=0H,R2=H (ArS)
9b R' =H, R?= OH (RsS)

cone inversion in a calixarene (Figure“l)This process does
not affect the axial/equatorial dispositions of the groups attached
to the cyclohexyl ring, although ring inversion of the cyclohexyl
ring modifies the axial/equatorial dispositions of the substituents .
(including the bridging methylene groups). Neither of these revgrsal foun.d ir6a/6d may be the rgsult oflargertransannular
processes can render the protons within a methylene groupsterlc repulsions when the substituent is equatorial, a more

equivalent, and these remain diastereotopic even if all rotations €fficient hydrogen bonding array when the OH is axial, or
are fast on the NMR time scale. torsional interactions. However, because in both diastereomers

(d) Molecular Mechanics Calculations. To assess the rath%r S|m|IaIr k(ljyddrt?fﬁep ?Ond'n?f artrays seem t? be préégtr)}t,f
intrinsic conformational preferences of a cyclohexyl ring can beé concluded that Steric efiects are in part responsible for

incorporated into a macrocyclewas examined using the MM3 the RrSRs.Sstabl.hty reversal 'r_ﬁ'm )

program? The calculations were conducted assuming that the ~ (€) Configuration and Solution Conformation. Unaware
phenol rings are arranged syn and that the cyclohexy! ring is of Harrowﬂelq parallel efforts, we supmltted the isolated
connected to the macrocycle through its equatorial positions. Néxahydrocalix[4]arene to X-ray diffraction. The crystal data
The calculations o8 (RSform) indicate (Table 1) that the lowest ~are identical to those reported by Harrowfield and co-workers
energy conformers are the anti-down and gauche-down, with for the minor product of the NaBteduction of5. Our data

the anti-up and gauche-up conformers lying 2.2 and 10.9 kcal indicate that the cyclohexanol moiety possesseRegicon-
mol-1 above the anti-down form, respectively. figuration (i.e.,6a), adopts an anti-down arrangement, and that

Calculations were also conducted for the potential low-energy (€ hydroxyl group is located in an axial position (Figure 2).
configurational isomers & and7. To facilitate the estimation | e four hydroxyl groups are engaged in a circular array of

. . ; : hydrogen bonds, as judged by the-@ nonbonded distances
of the relative stability of the different isomers (e.BrSand ) ) .
RsSfor 6) the calculated energies in Table 1 are relative to the (02 (ax)-AOl. 2'82.2(2) A, 01:8104' 2.675(2) A, 04"03.'
lowest energy configurational isomer of a given compound. As _2'661(2) o 03’_"02' 2.735(2) A). The crys_tal conformation
indicated by the calculations o6a and 6d (Table 1), the IS almogt identical to the conforma_tlon predicted by Fhe MM3
presence of aimtraannular OH affects the relative stability of ~Cc@lculations. The product formed in the hydrogenation corre-
the low-energy “down” forms. In th&rSisomer6a the anti- spoqu to_the Iqwest energy isomer, because from _aII possible
down form is 4.0 kcal mott lower in energy than the gauche- configurational isomers$ia possesses the lowest steric energy.

i i i 7b

down conformation, but the relative stability is reversed in the 1N€ majo(; proiuclt obtalrgtlad by NaBHeIduc_:tlo?Hhof 5
RsSisomer6d. These preferences can be rationalized, becauseC°'TeSPONdSs to the less stable epimer. Analysis otthMR
in the lowest energy conformation of each isomer, the cyclo- spectrum qBaande_by Bilyk et al. |nd|cate_d that the solution
hexyl OH group is oriented roughly parallel to the phenolic conformatlons. are similar to those fo_und in the cry$tal.
hydroxyls. This orientation allows for the presence of a circular ~ Stereochemistry of Dodecahydrocalix[4]arene 7. (a) Num-
array of hydrogen bonds while m|n|m|z|ng repulsive transan- ber of Conflguratlonal Isomers. Dlsregardlng conformational
nular interactions. The X-ray structures@x and6d reported isomerism, the calculation of the number of possible isomers
by Harrowfield and co-workef8 as well as our independent Of 7 of each symmetry can be conveniently performed by the
determination of the crystal structure &a (see below) configurational maitrix metho%f._ For that purpose a one-
corroborate the computational predictiora adopts an anti- dimensional configurational matrix consisting of six binary digits
down conformation and the conformation@afis gauche-down. is constructed, which describes the configurations of the six

The cyclohexanol OH groups & and6d adopt axial and stereocenters (Figure 3). Sixty-four matrixes exist, which do
equatorial positions, respectively, with the saturated ring con- N0t correspond to 64 distinct compounds, since each isomer is
nected to the macrocycle through its equatorial positions. The "éPresented by more than one matrix. Depending on the

) - ; 1

Icalcm.atlort]s .mdlcate That tftlsérssfform 23 Iﬁ_ Oblg klcal. mOIh (13)_This _is further supported by MM3 calculations on analogueaof
ower In steric energy than tressiorm (Table 1), i.e., the and6d in which the cyclohexanol OH was replaced by a methyl. Although
axial disposition of the OH group is of lower energy than the the methyl substituent is not involved in hydrogen bonds, the isomer with
equatorial disposition. This is in contrast to the model system the( f‘;)'?l'v m:rt:le'S t;‘s;gx;nes”eéqyégg-zand C.: Hallenga, K. Gielen
9 for which theRrSform 9a (OH equatorial) is calculated as ;' ‘Am. Chem. S04.981, 103 2297. See also: Biali, S. E.; Buda, A. B.,

2.4 kcal mot™! more stable than thiesSsomer9b. The stability Mislow, K. J. Org. Chem1988 53, 1289.

(15) The symmetry number is the number of indistinguishable but
(11) For simplicity, “gauche” and “anti” will denote conformations in  nonidentical positions in which the molecule can be turned by rigid rotation.

which the cyclohexyl methine protons at C-2 and C-64)CGre oriented See ref 2d, p 96.

gauche/gauche or anti/gauche to the pair of bridging methylene protons, (16) The number of symmetry matrixes is inversely proportional to the

respectively. symmetry number. See: Brocas, J.; Gielen, M.; WillemTRe Permuta-
(12) Allinger, N. L. MM3 1994 Force Field for UNIX and VAX (updated tional Approach to Dynamic StereochemisticGraw-Hill, New York,

June 3, 1994). 1983, Chapter 8.

10a 10b
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6a

11

Figure 2. Top and side views of the crystal structureséef 7f, 11,
and13d.

possible symmetry numbers)((o = 2 (Can, Cy,, 0r Cy) Or 0 =
1 (Cs, Cj, or Cy)),'>a given isomer is represented by either two
and four different matrixes, respectively (Figure'#).

Matrixes representing isomers which includ€aaxis as a

J. Am. Chem. Soc., Vol. 120, No. 13, 3988

2~ (000 000)
123 456

(0000 0000)
1234 5678

Figure 3. Convention used for the configurational description of the
isomers of7 (left) and 13 (right). The molecules are oriented in the
paper ky) plane. The binary digits “1” and “0” denote that the
hydrogens on the stereocenters are pointing toward or away from the
observer, respectively. The sets of digits in the matrixes describe the
configurations of the stereocenters, starting from position 1 and
proceeding in a clockwise fashion along the skeleton.

“below” the cyclohexyl mean plane). As exemplified by the
analogueslOa and 10b, depending on whether the protons at
the two pairs of methines are oriented in the sarh@s) or
opposite 10b) directions, two different conformational behav-
iors should be observed (Figure 6). By analogytat could

be expected that the potential low-energy conformations of the
saturated rings will be anti-down/anti-down and gauche-down/
gauche-down foflOa and for10b the preferred conformation

symmetry operation must be invariant to that element. These should be anti-down/gauche-down. Rotation through the an-

matrixes possess the general fqwBC ABQ (if the C; axis is
collinear with thez axis, as in the example shown at the top of
Figure 4) or ABC (1-C)(1-B)(1-A) (for Cx(x)) whereA, B, C

€ {1,0}. There are 16 matrixes describing structures wi@ a

nulus interconverts the anti-down with the gauche-down con-
formation. However, because the process requires the rotation
of all rings, the conformation of both saturated rings must change
simultaneously, and single-ring interconversions of the type anti-

axis corresponding to 8 configurational isomers. The number down/anti-down= anti-down/gauche-down are precluded for

of matrixes representing structures @f symmetry is 6416
= 48, and because isomers with= 1 are represented by 4

10aand10b. There is no conformational restriction for a 220
rotation of a single ring (e.g., an anti-down/anti-dowargauche-

matrixes each, this corresponds to 12 isomeric forms. The 20up/anti-down interconversion fdr0g).

isomeric forms of7 are collected in Figure 5. Eight isomers
are achiralmesoforms (7a, 7c, 7f, 7h, 7i, 71, 7p, 7r) and 12
correspond to 6 enantiomeric pai®(7d, 7e/7g, 7j/70, 7k/7s,

MMS3 calculations were performed on the isomé&a 7c,
7f, 7h, 7p, and7r, as well as on their analogué®aand 10b
(Table 1). In all cases only a syn arrangement of the phenol

7m/7q, and7n/7t). The 20 isomers can be separated into 10 rings was considered. The calculations indicate that the

pairs of compounds (e.dZa—7h, 7c—7f and7p—7r), each pair

preferred conformation df0aand10bis anti-down/anti-down

possessing identical pattern of configurations of the stereocentersand anti-down/gauche-down, respectively. The lowest energy

(e.g., RrS and RsSfor 7c and 7f) but differing in their
arrangement along the macrocycle (eRrS SsRn 7¢, RrS
RsSin 7f).

(b) Conformation. On the basis of the axial/lequatorial
disposition of the bridging methylene groups, it could be
expected that the low-energy isomers/athould bera, 7¢, 7f,
7h, 7p, and 7r, because only in these forms can both cyclo-

isomer is7a (which adopts an anti-down/anti-down conforma-
tion), with 7f (RrSanti-downSsRgauche-down) andp (gauche-
down/gauche-down) lying 1.4 and 1.9 kcal mblrespectively,
above it. The two axial OH groups dfa and the axial and
equatorial OH groups of7ff participate, together with the
phenolic hydroxyls, in a circular array of hydrogen bonds.
The forms7h and7r lie 7.7 and 5.7 kcal moF, respectively,

hexanols be connected to the macrocycle exclusively throughabove7a. Although (as shown by0b) the intrinsic preferred
their equatorial positions. In each ring the methine carbons conformation of the saturated rings is anti-down/gauche-down,

connected to & (“Cy") possess opposite configurations, i.e.,

in this conformation one cyclohexanol OH group is forced into

project their hydrogens in the same direction (“above” or the cavity center. The steric destabilization is so large that in
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c=2
two matrices

(100 100)
123 456

o=1
four matrices

(100 000)
123 456

(000 100)
123 456

Columbus and Biali

(110 110)
123 456

(110 111)
123 456

(111 110)
123 456

Figure 4. Number of matrixes representing a configurational isomét. @fepending on the possible symmetry numbers=(2 or 1), two and four

configurational matrixes exist, respectively.

7s 7t

7q
Figure 5. The twenty isomeric forms of.

7r

the case ofr the compound adopts the high energy anti-down/
gauche-up conformation.

(c) NMR Spectra of 7. The 3C NMR spectrum of the
isolated isomer of displays six aromatic signals, eight aliphatic
signals in the 2544 ppm range, and two signals at relatively
low field (66.28 and 72.54) which are assigned to the@rbons
of the two cyclohexanol rings. This is in agreement with a
structure ofCs symmetry in which the mirror plane bisects two
symmetry nonequivalent cyclohexanol rings. 2D HC correlation
spectra and COSY spectra enabled us to assighHhEMR

signals at 2.57 and 3.44 to the methine protons at theaghons.

The high field signal displays a large coupling const&at=

10.2 Hz) with the protons on thegCarbons. This is consistent
with a diaxial arrangement between the coupled nuclei. The
hydroxyl group attached toGnust be located in the equatorial
position. The broad signal at 3.44 corresponds to an equatorial
proton, in which the small diequatorial (gauche) coupling is
unresolved and therefore its geminal OH group must be axially
located. The relative chemical shifts of the axial and equatorial
C. protons are in agreement with previous work on cyclohexyl
rings, which indicate that equatorial protons resonate at a lower
field than do axial proton¥’ Assuming that both rings are
connected to the macrocycle through their equatorial positions,
it can be concluded that the configuration of the two rings
differs, and whereas one ring possesReSconfiguration, the
second ring possessBsSconfiguration (i.e.,7c or 7).

The two low field signals at 2.78 and 3.30 ppm were assigned
to the axial protons on the bridging methylene grotfpdoth
signals display a large geminal coupling (14.0 Hz) with their
corresponding equatorial protons, but they differ in the size of
their vicinal coupling constant with the proton a @J = 11.2
and 4.8 Hz). This indicates that whereas one cyclohexyl ring
is oriented anti, the other ring is oriented gauche. COSY spectra
indicated that theRrSring is oriented anti and thsSring
adopts a gauche conformation. Although botffcand7f the
RrS and RsSrings can adopt anti and gauche conformations,
respectively (anti-up/gauche-up or anti-down/gauche-down for
7f, or anti-down/gauche-up or anti-up/gauche-down/gr the
NMR data fit better for structur@f with anti-down/gauche-
down arrangements of the rings.

(d) X-ray Crystallography. A single crystal of7f was
grown from chloroform/ethanol. The X-ray structure (Figure
2) corroborates that the compound isolated iSRHESsRisomer
with the rings oriented in anti-down/gauche-down arrangements,
respectively. The HCz—C(bridging CH)—H(axial) torsional
angles of the cyclohexanols are 2{for the RrSring) and 58
(for the RsSring), i.e., near their ideal staggered values. The
OH groups are located in the axial and equatorial positions. As
observed for the monocyclohexanol derivatiVeghe four
hydroxyls are engaged in a circular array of hydrogen bonds

(17) Ginther, H.NMR SpectroscopyWiley: Chichester, 1980; p 72.

(18) In endocalixarenes the axial protons of the bridging methylenes
resonate at a lower field than the equatorial protons (Alfieri, C.; Dradi, E.;
Pochini, A.; Ungaro, RGazz. Chim. I1tal1989 119, 335). However, in
exocalixarenes this behavior is reverted. See: Biali, S. Ehnig, V.;

Brenn, J.; Frings, M.; Thondorf, I.; Vogt, W.; Waert, J.J. Org. Chem.
1997 104, 5163.




Saturated Calixarene Analogues J. Am. Chem. Soc., Vol. 120, No. 13, 3988

anti-down gauche-down

Dl

/

OH
’ < )
anti-down g

auche-down gauche-down

Figure 6. Expected low-energy conformations for the saturated calixarene analb@a¢lsottom) and10b (top).

Ol

anti-down

(O2(axy--01: 2.82 A, O1--O4(eq): 2.72 A, 04-03: 2.81 the tetrahedral value (118.@nd 119.6).1° The nonbonded
A, 03---02: 2.72 A). The crystallographic conformation is distances between the internal hydrogens are 2.14 and 2.16 A,
practically identical to that predicted by the MM3 calculations. and the distance between the perhydroxanthene hydrogens C5

On the basis of the MM3 calculations, it can be concluded H:**H=C10 and C19H-H-C24 is only 2.042.05 A
that the compound isolatedf] does not correspond to the Dietherllis probably formed by the intramolecular dehydration

lowest energy product, because the most stable isoméa is of a tetraalcoholl2 (eq 2) in which the hydrogens at aII_[;C_
The formation of7f can be rationalized $ais an intermediate ~ C2/00NS aré located on the same face of the macrlocychc fng.
in the hydrogenation, and attack of the hydrogen in the preferred According to MM3 calculationsl 1lies 13.5 kcal mol* above

. : . 4, which indicates that the latter (obtained at higher tempera-
conformation occurs on the external face of the phenol ring distal .
tures) represents the lowest energy isomer.
to the cyclohexanol.

High-Temperature Hydrogenation. Catalytic hydrogena-
Full Hydrogenation. Hydrogenation o8 at 120°C yielded tion of 3 at high temperatures (23€) resulted in the formation

a mixture of products from which one compound was isolated of pentacyclo-[19,3,1,371 9131 15190ctacosand3. The forma-

by thin layer chromatography (TLC). This compound displayed tion of 13 suggests that, if cyclohexanol rings are formed in

in the C NMR spectrum with seven signals in the 2706  the hydrogenation, they undergo dehydration under the reaction

44.82 region, and a signal at 79.80 which can be ascribed to aconditions?® We found also that the macrocycle can be

C—0O unit. The!H NMR spectrum displays a signal at 3.66 prepared in good yield by exhaustive catalytic hydrogenation

integrating for four protons which, by analogy with the spectrum (Pd/C, 250°C, 600 psi H) of [14] metacyclophand 4.2

of 7f, can be assigned to the equatorial protons at C

Consequently, the four €0 bonds must be located at axial Y

positions. O N/NVNN
W, > G
24 19 A
J U

o

2H0 7 ) @ 13 14 15
o
e 0 (a) Possible Configurational Isomers of 13 and Their
5 10 Symmetries. To calculate the possible number of isomers of
12 » 13 and their symmetries the system is viewed as derived from

the desymmetrization of metacyclophab#of D4, symmetry.

) ) ) o (19) Steric crowding increases the RCR bond angle in disubstituted
X-ray diffraction of the product (Figure 2) indicates tHzt methanes. For example, according to X-ray crystallography this angle is
is a saturated diether in which all<® bonds are located in 129.3 in ditriptycyl methane (Johnson, C. A.; Guenzi, A.; Nachbar, R. B.;

. o - s Jr.; Blount, J. F.; Wennerstng, O.; Mislow, K.J. Am. Chem. Sod.98
axial positions. The two perhydroxanthene subunits exist in a 104 5163). o 2

cis-syn-cis fusion, and the-€0 stereocenters are oriented in (20) Hydrogenation ofl1 under the reaction conditions used for the

an RSRSdisposition along the macrocycle. To alleviate the hydrogenation of3 resulted also in the formation df3. This reaction
.. . . involves not only reductive cleavage of the-O bonds, but alsk = S

steric interactions between the two perhydroxanthene units, thejgomerization of the gcarbons.

C—C—C bond angles of the bridging methylenes are larger than  (21) McMurry, J. E.; Phelan, J. Qetrahedron Lett1991, 32, 5655.
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Table 2. The 43 Configurational Isomers 48 and Their Respective Symmetries

symmetry isomer(s)
D4 (1010 1010)/(0101 0101)
Cuy (0000 0000)
Dag (1001 1001), (1100 1100)
Con (1111 0000), (1110 0001), (1101 0010), (1010 0101)
Cs (1100 0000), (1001 0000), (1000 0100), (1000 0001)
C (1000 1000)/(0100 0100),(1110 1000)/(1100 0101),(1110 0010)/(1101 0001), (1101 0100)/(1100 1010), (1010 0110)/(1001 0101)
C: (1000 0000)/(0100 0000), (1010 0000)/(0101 0000), (1110 0000)/(1100 0001), (1101 0000)/(1100 0010), (1100 1000)/(1100 0100),

(1010 1000)/(0101 0100), (1010 0100)/(1001 0100), (1010 0001)/(1000 0101), (1001 1000)/(1001 0001), (1110 0100)/(1100 1001)

a A slash (/) indicates an enantiomeric pair. Symmetries refer to idealized structures.

The possible symmetries of the configurational isomergf Scheme 2

must correspond t®4, or one of its subgroupDy, D2y, Ca,,

Cs, Sy, Con, Cy, G, G, C1).222% However, not all of these

symmetries are possible for the isomers1® because the

presence of either a sing&, C4, or $(i) symmetry operation

necessarily requires the presence of additional nontrivial sym-

metry element$* Moreover, because the presence of the 13a 13b 13¢

stereocenters is not compatible with a symmetry plane passing

through thexy plane (cf. Figure 3), no isomer Gf3 can belong

to the D4n point group. In the isomers possessiag, or Cs

symmetry, the symmetry plane necessarily must be perpendicu-

lar to thexy plane. The possible symmetries of the systems

are therefore limited t®4, D2g, Cay, Con, Cs, andCy. 13d 13e
(b) Ideal Isomer Number. A one-dimensional configura-

tional matrix consisting of eight binary digits can be constructed, Scheme 3

which describes the configurations of the eight stereocenters

according to the convention depicted in Figur& 3There are

28 (256) distinct matrixes, and depending on the symmetry
number of a given isomet(= 8 (D), 4 (D2d, Cas), 2 (Con), OF . .
1 (Cy)), one, two, four, and eight different matrixes exist for a

given isomer, respectively.
Only two matrixes exist representing isomerfafsymmetry
((1010 1010) and (0101 0101)). If the number of symmetry

matrixes representing isomers possessing the symmetry of one .
of the subgroups d, (e.g.,C,) is calculated, necessarily this NMR spectra. The saturated metacyclophah displays

number will include matrixes possessing the highgr)(  five signals in thg13C NMR (100.62 MHz, RT), in agreement
symmetry. The number of matrixes of a given subgroup is With a structure in which the four rings as well as pairs of
obtained by subtracting from the calculated number of matrixes carbons at the ‘13" and 4/6' positions (cf. Scheme 3) are
the number of matrixes representing structures of higher Symmetry equivalent. This indicates that the molecule possesses
symmetry. As shown in Table 2, there are 43 isomers of the either Dy or C4, symmetry (e.g.13aor 13d). Notably, the
system, which correspond to 11 achiral forms and 16 enantio- methylene protons at the' Dosition display very different
meric pairs. chemical shifts (2q: 1.8 ppm, Zx: 0.15 ppm). In principle,

(c) Molecular Mechanics Calculations. From the large structuresl3aand13d should display different NMR patterns
number of possible isomers, we restricted ourselves to the of the bridging methylene protons, because these protons should
potentially low-energy forms, i.e., those in which the methylene be homotopic inl3d and diastereotopic ii3a On the basis
groups are attached to the equatorial positions of the cyclohexylof the IH NMR spectrum, structurd3a cannot be ruled out

ring (i.e.,RSconfigurations of the cyclohexyl rings)}8a—13d), provided that the bridging methylene protons have similar
Scheme 2). MMS3 calculations indicate that the structure of -hemical shifts.

lower steric energy i4$3d of D,y sSymmetry. In the stereocisomer
13a the conformation oC4, symmetry represents a transition
structure, which can be further minimized to a structur€of

(a) X-ray Crystallography. The molecule crystallized from
CHCI:/EtOH with a disordered chloroform molecule. Accord-

symmetry which lies 9.4 kcal mot abovel3d. Structurel3e ing to the X-ray structure (Figure 2), the configuration of the
in which the methine protons areans and four methylene ~ Saturated macrocycle i3d (the calculated lowest energy
groups are located at axial positions of the cyclohexyl rings, isomer), in which pairs of methine hydrogens at the four rings
lies 7.3 kcal mot! above13d. are arranged alternately above and below the mean macrocyclic

22)Th o ored T e 5 plane. Although the molecule possesses crystallograghic

e symmetries consiaerea correspon (0] e ‘averagea sym- ) : .

metries”, i.e., the (nonrigid) symmetries which result when all conforma- Symmetry’ the.dewatlon frmed symmetry is small. All rings
tional interconversions are fast. The symmetry of the preferred conformation €Xist in an anti conformation.

of a given isomer may be identical to or lower than the averaged symmetry. .
(23) Donaldson, J. D.; Ross, S. ymmetry and Stereochemistry 13dis the hydrocarbon analogue of the octaaza macrocycle

Wiley: New York, 1972. 15, the main product of the reaction of 1,3-diaminopropane and
(24) For example, &4 symmetry axis must necessarily coexist with four formaldehydéf" For 15, the 43 isomeric forms are intercon-
symmetry planesy, point group) or fourC, axes D4 symmetry). TheC, . . . . .
operation is a trivial symmetry element of tBeandC, point groups because vertible by inversion of the nitrogen atoms. X-ray analysis
bothS2 = C, andC42 = C,. showed that in its benzene clathrat&,adopts a conformation




Saturated Calixarene Analogues

analogous td.3ein which the bridging methylene groups are

J. Am. Chem. Soc., Vol. 120, No. 13, 3988

(dd, 2H,3)=7.5Hz,J=1.5Hz), 6.99 (d, 2H3) = 7.5 Hz,4J= 1.5

alternately disposed in the equatorial and axial positions; in its Hz), 7.11 (d, 2H?J = 7.5 Hz), 9.91 (br s, 3H, OH)**C NMR (100.62

dichloromethane complex, the conformation adopted is analo-

gous t013d.26:27

Conclusions

Catalytic hydrogenation (Pd/C) of calixarenes can afford

MHz, CDCL, rt) 6 25.62, 28.82, 31.72, 33.72, 43.62, 66.47Q),
121.58,121.98, 126.70, 127.80, 128.33, 128.51, 128.96, 129.63, 149.42
(C-0), 150.51 (C-0). HRMS calcd for GgHszcOs: 430.2144.
Found: 430.2164.

Spectroscopic Data for 7f. 'H NMR (400.133 MHz, CD{, rt) 6
1.11 (dg, 3H2J = 13.7,3] = 3.1 Hz), 1.38-1.84 (m, 13H), 2.32 (dd,

saturated calixarene analogues in which one, two, or all rings 2H, 2J = 14.0,%) = 2.8 Hz), 2.38 (dd, 2H2J = 14.0,3] = 2.8 Hz),
have been hydrogenated. The hydroxyl groups seem prone to2.57 (t, 1H,%] = 10.2 Hz) 2.78 (dd, 2H2J = 14.0,%) = 11.2 Hz),

undergoing dehydration under the reaction conditions.

Experimental Section

Crystallography. Data were measured on an ENRAF-Nonius
CAD-4 computer or PW1100/20 Philips Four-Circle Computer-
Controlled Diffractometer. Cu & (1 = 1.54178 A) or Mo k¢ (A =
0.71069 A) radiation with a graphite crystal monochromator in the
incident beam was used. Crystallographic data follai#i. CgHz¢04,
space grouf2/c, a = 21.138(4) Ab = 12.151(2) A,c = 18.737(3)

A, B =103.42(13,V = 4681.2(9) R, z= 8, pcac = 1.24 g cm?3, u-

(MoKa) = 0.76 cn1l, no. of unique reflections= 4344, no. of
reflections with I> 30y = 2423,R = 0.046,R, = 0.058. 11: CygH440;,

space groufP2:/c, a = 11.248(2) Ab = 21.303(4) A,c = 10.654(2)
A, B =112.70(1},V = 2355.1(8) B, z= 4, pcac = 1.16 g cm3, u-

(MoKa) = 0.66 cnt?, no. of unique reflections= 3394, no. of
reflections with I> 30y = 1930,R = 0.048,R, = 0.058. 13d: CygHas,

space groufP42;c, a = 12.065(2) A,c = 10.068(1) AV = 1465.5(5)
A3 2= 2, peac = 1.14 g cm3, u(CuKo) = 29.69 cm?, no. of unique
reflections= 852, no. of reflections with & 20, = 666, R = 0.096,
R, = 0.132.

Hexahydrocalix[4]arene 6a and Dodecahydrocalixarene 7fTo
a solution of 0.30 g calix[4]arene in 60 mL cyclohexane was added
0.5 g Pd/C (10%) and the mixture was hydrogenated (600 psaH
100 °C for 8 h. After filtration of the catalyst the solvent was

3.30 (dd, 2H2J = 14.0 Hz,3) = 4.8 Hz), 3.44 (s, 1H), 5.00 (s, 1H),
5.91 (s, 1H, OH), 6.70 (t, 2H) = 7.6 Hz), 6.79 (d, 2HJ = 7.6 Hz),
6.91 (d, 2HJ = 7.6 Hz), 9.52 (s, 2H, OH).1*C NMR (100.62 MHz,
CDCls, rt): 6 25.60, 25.70, 28.56, 30.13, 31.46, 33.90, 43.69, 44.02,
66.28 (C-0), 72.54 (C-0), 119.95, 123.47, 125.86, 129.68, 130.94,
153.37 (C-O). HRMS calcd for GgHzcOs: 436.2614. Found:
436.2582.

Diether 11. 0.30 g calix[4]arene dissolved in 60 mL cyclohexane
and 0.5 g Pd/C (10%) was hydrogenated (3120 3 h). The residue
was separated by preparative TLC (eluent,CH R: 0.9). The
compound was purified by recrystallization from CHELOH to yield
pure11 (5%), mp 235-238°C. 'H NMR (400.133 MHz, CD{, rt)

0 0.60 (d, 2H2J = 18.4 Hz), 1.6-2.0 (m, 36H), 2.64 (m, 2H), 3.66 (s,
4H). 3C NMR (100.62 MHz, CDG, rt) 6 27.06, 29.69, 30.70, 33.52,
35.73, 36.15, 44.82, 79.80 {). HRMS calcd for GgH4Oy:
412.3341. Found: 412.3351.

Pentacyclo[19,3,1,37,1 213 1%5190octacosane (13d).To a solution
of 0.5 g of calix[4]arene or 0.5 g of fL metacyclophane in 60 mL
cyclohexane was added 1.0 g Pd/C (10%). The mixture was hydro-
genated for 24 h (250C, 600 psi). Recrystallization of the residue
(EtOH/CHCE) afforded 350 mg (6570%) 13d, mp 258-260°C. H
NMR (400.133 MHz, CDGJ, rt) 6 0.14 (dt, 4H,2J = 12.5 Hz,3) =
11.9 Hz), 0.85 (m, 8H)), 1.04 (m, 8H), 1.28.42 (m, 12H), 1.50 (m,
8H), 1.68 (m, 4H), 1.80 (d, 4HJ = 12.5 Hz)*3C NMR (100.62 MHz,
CDCls, 1t) 6 26.57, 33.80, 34.46, 35.25, 43.88 ppm. Cl ki 383.5

evaporated. The desired products were separated by preparative TLGy; ).

(silica, eluent: CHCI,, R: 0.75 6a) and 0.50 {f)). The compounds
were recrystallized from CH@EtOH, yielding6a (10%), mp 234
236 °C and7f (10%), mp 286-282 °C.

Spectroscopic Data for 6a 'H NMR (400.133 MHz, CDG, rt)
1.20-1.56 (m, 6H), 1.78 (dt, 2H2J = 13.1 Hz,3] = 3.0 Hz), 2.39
(dd, 2H,2) = 14.2 Hz,%) = 3.8 Hz), 2.82 (dd, 2H2J = 14.1 Hz,3]
=11.8 Hz), 3.26 (s, 1H), 3.49 (d, 2H,= 13.8 Hz), 4.22 (d, 2H3) =
13.8 Hz), 6.70 (t, 2H3J = 7.5 Hz), 6.78 (t, 1H3J = 7.5 Hz), 6.84

(25) Krassig, H.Makromol. Chem.1956 17, 77. See also Dale, J,;
Romming, C.; Suissa, M. R.. Chem. Soc., Chem. Commd895 1631;
Suissa, M. R.; Romming, C.; Dale. Ghem. Commurl997 113.

(26) Murray-Rust, PActa Crystallogr., Sect. B975 31, 583.

(27) Dale, J.; Romming, C.; Sigvartsen, Acta Chem. Scandl99],
45, 1071.
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