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Abstract. To diphenylglycoluril (2), four aliphatic chains were attached, each with a vanillyl alcohol
group at the end. In an acid-catalyzed reaction, three of the vanillyl alcohol groups cyclize to form
a cyclotriveratrylene unit. The resulting compound (3) has a well-defined cavity and a free, func-
tionalized arm. Cyclization of four vanillyl alcohol groups (5) does not occur, probably for steric

reasons.

Introduction

Organic molecules containing an intramolecular cavity, as
well as a nearby catalytic centre, are currently receiving a
great deal of attention as synthetic equivalents of enzymes
(so called synzymes)l Recently, we showed that such syn-
thetic systems can be constructed from concave building
blocks containing ligating arms2. Coordination of the arms
to a metal centre results in the formation of a metallocage
(Fig. 1). In this approach, the metal has a dual function:
() it holds the framework of the cage and (il) it is a poten-
tially reactive site.

In this paper we describe a different approach to the syn-
thesis of molecules containing a cavity as well as a catalytic
centre. The approach is outlined in Fig. 2. If one starts from
two concave sub-units with different numbers of reactive
groups or functionalities (X and Y in Fig. 2,A), a cage mo-
lecule can be assembled in which one or more of these
groups are unused. In a later stage, these groups can be
converted iInto catalytic functions (Fig. 2,A). Alternatively,
one can use a concave building block with reactive groups
(P) and perform a cyclocondensation or cyclopolymerisa-
tion reaction. |If this reaction 1s a controlled process,
reactive groups will remain which can there be transformed
Into catalytic functions (Fig. 2,B). We have used procedure
B to synthesize a cage compound which involves the con-
cave building blocks cyclotriveratrylene (1) and diphenylgly-
coluril (2)34. This molecule has one functional group that
can be transformed into a catalytic function.

n-+

n-+

Fig. 1 Formation of a metallocage.

IUPAC names of compounds: cyclotriveratrylene (1) =
10,15-dihydro-2,3,7,8,12,13-hexamethoxy-5//-tribenzo[a,d,g]cy-
clononene; vanillin (6) = 4-hydroxy-3-methoxybenzaldehyde;
vanillyl alcohol = 4-hydroxy-3-methoxybenzyl alcohol; diphe-
nylglycoluril, see Experimental.
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Fig. 2. Two strategies (A and B) to synthesize a compound
possessing a cavity as well as a catalytically active centre.

Results and discussion*

To diphenylglycoluril" (2), four -(CH?2)6- arms, ter-
minated with vanillyl groups, were attached as shown In
Scheme 1 Vanillin (6) was heated in aqueous base with
1,6-dibromohexane under phase-transfer conditions using
methyltrioctylammonium chloride (Aliguat 336) as the
phase-transfer catalyst to give compound 7 (81%). The
latter compound was coupled (~50%) to 2 in N,N-d\-
methylformamide wusing sodium hydride as base. The
resulting product was quantitatively reduced to the corre-
sponding benzylic alcohol 9 with NaBH4 in dioxane. An
alternative route, In which 1,6-dibromohexane iIs first
attached to 2 and subsequently coupled to vanilin, was un-
successful.

Intramolecular condensation of the vanillyl alcohol sub-
units Iin 9 was achieved by heating In formic acid under
high-dilution conditions. Chromatographic work-up afiford-

Scheme 1

HQ~ 3 ~ CHQ Br<Q'>6 Pr-—Br-(CH2)6-0-"yC H 0
HJCO HjCO
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Fig. 3. Four stereoisomers of compound 3.
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Scheme 2

ed two solids, compounds 3 and 4, in approximately 30%
and 10% vyield, respectively. Compound 3 contains a cyclo-
triveratrylene sub-unit and one free arm. It was fully charac-
terized by elemental analysis and spectroscopic technigues
(see Experimental). The cyclotrimerization reaction, by
which 3 is formed, can proceed in two ways with respect to
the diphenylglycoluril unit, leading to four stereoisomers
(Fig. 3). The presence of these I1somers can be seen In the
ISCN MR spectrum which shows more than one signal for
each carbon atom of 3. The benzylic carbon of the free arm
gives only one signal In the I3C NMR spectrum, indicating
that the free arm 1Is not influenced by the stereoisomers. So
far, we have not been able to separate these Isomers.
Based on the FAB MS and 'H NMR spectra, we ascribe a
non-cyclic, tetrameric structure to compound 4. We found
that the ratio 3/4 depends on the reaction conditions used.
For instance, when a mixture of acetic acid and sulfuric
acid (100:1, v/v) 1Is substituted for formic acid, only
compound 3 is formed. We ascribe this to the fact that the
condensation of the vanillyl alcohol groups Is a reversible
process3d6. In the presence of strong acid, 4 is converted
into the thermodynamically more stable 3.

The cyclic tetramer 5 could not be detected In our reaction
mixtures. The FAB mass spectrum of 3 showed a signal at
m/z 1167 which could correspond with (M + H)+ of 5. Flow-
ever, with the aid of MAIKE spectroscopy (Mass Analysed
lon Kinetic Energy) In combination with 'H NMR,
we were able to show that this signal Is due to a rearrange-
ment of the protonated side-arm of 3 (Scheme 2). Our result

OCHj

Fig. 4. Conformations of cvclotetraveratrylene: the “crown”
form (a) and the "sofa" form (b).
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suggests that ring closure of 4 to 5 is an unfavourable pro-
cess. It i1s known from the literature7that cyclotetraveratry-
lene can have three conformations: two related “crown”
forms (C4v, and C2v, Fig. 4a) and a “sofa” form (C2/I,
Fig. 4b). The latter is the most stable, since it has one of Its
veratryl units In a less strained upward position. CPK
models suggest that a “sofa” form of the cyclotetraveratry-
lene sub-unit In 5 Is not possible for steric reasons.
Preliminary experiments show that the CH.OH function of
the free arm In 3 can be easily modified. Our efforts are
being directed towards the derivatization of 3 with
Imidazolyl functions. These functions can act as a nucleo-
philic catalyst on a substrate bound In the cavity of 3 or
they can be used to coordinate a transition metal centre.

Experimental

General

Unless otherwise indicated, commercial materials were used as
received. DMSO, dioxane and DMF were dried over 4 A sieves
and methanol over 3 Asieves prior to use. Diethyl ether, toluene
and hexane were distilled from sodium ketyl, while CHC13 was
distilled from CaCl2. FAB mass spectra were recorded on a VG
ZAB 2F spectrometer (matrix: 3-nitrobenzyl alcohol). IR spectra
were measured on a Perkin-Elmer Model 283 spectrometer.
'H NMR spectra were recorded on Varian EM-360, Bruker
AW-80 and Bruker WP-200 instruments. Chemical shifts (5) are
reported in ppm downfield from internal (CH3)4Si. Abbreviations
used are s = singlet, d = doublet, t = triplet, g = quartet, m = mul-
tiplet and br = broad. Coupling constants are reported Iin Hz. Ele-
mental analyses were carried out by the Elemental Analytical
Section of the Institute for Applied Chemistry TNO, Zeist, The
Netherlands. Melting points were determined on a Mettler
FP5/FP51 photoelectric melting point apparatus. Silica gel 60
(Merck, particle size 0.040-0.063 mm, 230-400 mesh, ASTM),
neutral alumina (Janssen, active, 50-200 micron, 70-290 mesh,
ASTM) and Sephadex LH-20 (Pharmacia) were used In column
chromatography. Thin-layer chromatography was performed using
plates of silica gel 60 F254 (Merck) and alumina (Merck, neutral,

type E).
Compounds

Tetrahydro-3a,6a-diphenylimidazo[4,5-<\]imidazole-2,5(1H, JHj-
-dione (diphenylglycoluril) (2)

This compound was synthesized according to a literature proce-
durebs.

4-(6-Bromohexyloxy)-3-methoxybenzaldehyde (1)

A solution of 6.08 g (40 mmol) of 6 and 1.6 g (40 mmol) of sodium
hydroxide in 40 ml of water was vigorously stirred with 97.6 g (400
mmol, 61 ml) of 1,6-dibromohexane and 159 of Aliguat 336 at
70°C for ca. 5h. The progress of the reaction was followed with
TLC (silica, eluent CHCI3/CH30H, 10:1 v/v). To this end, a
sample of the water layer was acidified to pH 6 and extracted with
CHC13. After TLC had indicated the disappearance of 6, the
organic layer was evaporated to dryness under reduced pressure.
The remaining oil was dissolved in chloroform, washed with a
0.25 M aqueous sodium hydroxide solution, three limes with a
saturated agueous sodium chloride solution and evaporated under
reduced pressure. The crude product was crystallized from ether.
Yield 10.17g (80.7%) of 7 as white crystals; m.p. 53.1 °C. IR
(KBr): 2920 (CH.), 2850 (OCH3), 2620 (CHO), 1670 (C=0), 1580
(Ar), 1260 (COAr), 550 (CBr)cm-'. 1H NMR (CDC13): 6 9.81 (s,
1H, ArCHO), 7.5-6.8 (m, 3H, ArH), 4.09 (t, 2H, CH.OAT), 3.90
(s, 3H, OCH3), 3.40 (t, 2H, CHZ2Br), 2.2-1.2 [br m, 8H, (CH.)4].

1,3,4.6-Tetrakis/6-(4-fonnyl-2-methoxyphenoxy)hexylltetrahydro-
-3a,6a-diphenylimidazo[4,5-d]imidazole-2,5(I H,3H)-dione (8)

A mixture of 0.53 g (22 mmol) of NaH, 147 g 5 mmol) of 2 and
6.93 g (22 mmol) of 7 in 125 ml of DMF was stirred at 50°C for
16 h under a nitrogen atmosphere. The reaction mixture was
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adjusted to pH 7 using 1M hydrochloric acid with vigorous
stirring. The solvent was evaporated under reduced pressure and
the residue was dissolved in chloroform, washed three times with
a saturated aqueous sodium chloride solution, dried (MgS04),
filtered over infusorial earth and evaporated under reduced
pressure. The remaining yellow oil was purified by column chroma-
tography (silica, eluent CHCI3/CH30H, 30:1 v/v). The product
fractions were collected, stirred in diethyl ether for 1 h and then
evaporated under reduced pressure to yield 3.08 g (50%) of 8 as a
white foam; m.p. 52.6°C. IR (KBr): 2920 (CH.), 2850 (OCH3),
2605 (CHO), 1720-1670 (C=0), 1580 (Ar), 1260 (COAr) cm-".
'H NMR (CDC13):59.78 (s, 4H, ArCHO), 7.5-6.5 (m, 22H, ArH),
4.03 (t, 8H, CH.OATr), 3.89 (s, 12H, OCH3), 3.5-2.8 (br m, 8H,
NCH?2), 2.3-1.0 [br m, 32H, (CH24]. FAB MS: m/z 1231
(M + H)f; other signals were observed at m/z values correspond-
Ing to the equation: 1231 - k x 82 (alkyl chain) - / x 152 (vanillyl
group), k = 1,2, 3,/ = &,..., 3.

[.3,4.0-Tetrakis/0-/4-(hydroxymethyl)-2-methoxyphenoxy/hexyljtetra-
hydro-3a,6a-diphenylimidazo[4,5-d/imidazole-2,5(1 H .iH )-dione (9)

To a mixture of 0.88 g (0.72 mmol) of 8 and 0.45 g (11.9 mmol) of
finely powdered NaBH4 in 100 ml of dioxane, 15-20 ml of 1M
agueous sodium hydroxide was added dropwise with stirring.
During this addition, the temperature rose to approximately 30°C.
The resulting mixture was stirred for 1h, brought to pH 6 with
concentrated hydrochloric acid and evaporated under reduced
pressure. The resulting oil was dissolved in CHC13, washed three
times with a saturated aqueous sodium chloride solution, dried
(MgSO04), filtered over infusorial earth and concentrated in vacuo.
The remaining oil was ftirred iIn ether for 1h. The solvent was
evaporated under reduced pressure to yield 0.88 g (« 100%) of 9
quantitatively as a white foam. IR (KBr): 3640-3120 (OH), 2920
(CH.), 2850 (OCH,), 1680 (C=0), 1585 (Ar), 1260 (COAr),
1090-950 (COH) cm-1 'H NMR (CDC13). 5 7.2-6.4 (m, 22H,
ArH), 452 (s, 2H, CH.OH), 3.90 (t, 8H, NCH.), 2.1-0.9 [br m,
32 H (CH.)J, between 3.0 and 15 (s, 4H, CH.OH). FAB MS:
m/z 1239 (M + H )\ 1221 M+ H-H.O )+, 1185 (M + H-3H.O) +,
1167 (M + H-4H .0) +.

Ring closure to compounds 3 and 4

To 200 ml of formic acid, a solution of 200 mg (0.16 mmol) of 9 in
1 ml of DMF was added dropwise with vigorous stirring at
ambient temperature. Thereafter, the mixture was heated to 60°C
during which time a green colour developed. Within 2\ h, the
solution had become colourless again and the solvent was evapo-
rated under reduced pressure. Traces of formic acid were removed
by codistillation with toluene. The residue was first purified by
gel-permeation chromatography (Sephadex LH-20, eluent CHC13).
The product fractions were collected and refluxed in methanol for
15 min. After evaporation under reduced pressure, the residue was
further purified by chromatography over silica (eluent ethyl
acetate/chloroform/methanol, 10:10:1 v/v/v); yield % 59 mg (31%)
of white 3; m.p. > 125°C (decomp.). IR (KBr): 3640-3200 (OH),
2920 (CH.), 2850 (OCH,), 1700 (C=0), 1600 (Ar), 1255
(CH.OAT), 1040-980 (COH) cm 'L 'H NMR (CDC13): 5 7.5-6.2
(m, 19H, ArH), 4.8 (d, 3H, ArC/ZHAr, J 14 Hz), 4.6 (s, 2H,
ArCz/.OH), 4.4-3.3 (m, 23H, CH.OAr, OCH3, ArCH/7Ar, J
14 Hz)', 3.3-2.2 (br m, 8H, NCH,), 2.2-0.7 [br m, 32H, (CH,)4L
13C NMR (CDC13): 5 159.9-160.4 (C=0), 150.7-146.1 (Ar),
134.3-130.2 (Ar), 128.9-127.3 (Ar), 122.1-110.9 (Ar), 88.8-88.5
[INC(N)Ar], 70.3-68.8 (CH.OAr), 652 (CH.OH), 56.2-55.7
(OCH3), 44.9-41.9 (NCH.), 36.5-36.2 (ArCH.Ar), 32.4-24.2
[([CH.XJ.FAB MS: m/z 1185 (M +H)+, 1167 M+ H -H .0 )\
1032 (M + H-vanillyl alcohol (C8H9 3))+, 950 M+ H-CH?2
chain) +. Anal, calcd. for C/.H830,,N4: C 72.97, H 7.43, N 4.73,
O 14.86; found: C 73.13, H 7.58, N 4.45, O 14.84%.

Yield «19 mg (10%) of white 4; m.p. > 120°C (decomp.). IR
(KBr): 3640-3200 (OH), 2920 (CH,), 2850 (OCH3), 1700 (C=0),
1600 (Ar), 1255 (CH.OAr), 1040-980 (COH) cm-'. 'H NMR
(CDC13): 5 7.25-6.30 (m, 19H, ArH), 4.75 (s, 2H, ArC/Z.0H),
4.25-3.45 (m, 26H, CH.OAr, OCH3, ArCH.Ar), 3.40-2.30 (br m,
8H, NCH.), 2.20-0.70 [br m, 32H, (CH.)J. FAB MS: m/z 1185
(M +H)+, 1167 (M + H- H.O) +.



218 J. W. H. Smeets et al. / Cage compound derived from cyclotriveratrylene and diphenylglycoluril sub-units

Acknowledgements 3a Collet et al., have synthesized cage molecules incorporating one
or two cyclotriveratrylene building blocks, e.g. speleands3b
combining a cyclotriveratrylene sub-unit with an azo crown
ether and cryptophanes3c, in which two cyclotriveratrylene sub-
units are connected to each other. The former type of cage
molecule was constructed by following procedure A, while for
the latter type procedure B was used,

b./. Canceill, A. Collet, J. Gabard, F. Kotzyba-Hibert and J.-M.
Lehn, Helv. Chim. Acta. 65, 1894 (1982);

c./. Canceill, L. Lacombe and A. Collet, J. Am. Chem. Soc. 107,

6993 (1985):
dA. Collet, Tetrahedron 43, 5725 (1987).

We wish to thank Prof. W. Drenth and Dr. F. G. M. Niele for
helpful discussions. This work was supported by the
Netherlands Foundation for Chemical Research (SON)
with financial aid from the Netherlands Foundation for
Scientific Research (NWO).

References and notes

la 7/?.J. Meade and D. H. Busch, Prog. Inorg. Chem. 33, 59
(1985);

hN. W. Alcock, W. K. Lin, A. Jircitano, J. D. Mokren, P. W. R.
Corfeld, G. Johnson, G. Novotnak, C. Cairns and D. H. Busch,
Inorg. Chem. 26, 440 (1987);

c M. IV. Hosseini and J.-M. Lehn, J. Am. Chem. Soc. 109, 7047
(1987);

d/. Tabushi, Tetrahedron 40, 269 (1984);

cD.J. Cram,H. E. Katz and I. B. Dicker,J. Am. Chem. Soc. 106,
4987 (1984).

2aF. G. M. Niele and R. J. M. Nolte, J. Am. Chem. Soc. 110, 172
(1988);

bF. G. M. Niele, J. W. Zwikker and R. J. M. Nolte, Tetrahedron
Lett. 2, 243 (1986);

cJ. W. H. Smeets, R. P. Sijbesma, F. G. M. Niele, A. L. Spek,
W. J. J. Smeets and R. J. M. Nolte, J. Am. Chem. Soc. 109, 928
(1987).

4 Mock and associates have constructed a cage compound built

from 6 molecules of glycoluril which are linked by 12 methylene
bridges, see: W. A. Freeman, W. L. Mock and N.-Y. Shih,J. Am.
Chem. Soc. 103, 7367 (1981).

s A. R. Butler and E. Leitclu J. Chem. Soc., Perkin Trans. Il 103

(1980).

GaA. Arcoleo, G. Giammona and G. Fontano, Chem. & Ind. 853
(1976);

bA. Goldup, A. Morrison and G. Smith, J. Chem. Soc. 3864
(1965);

c G. M. Robinson, J. Chem. Soc. 267 (1915);
dB. Umezawa, O. Hoshino, K. Ohyama, S. Mitsubayashi and J.
Sakakibara, Chem. Pharm. Bull. 17, 2240 (1969).

mJ. D. White and B. D. Gesner, Tetrahedron 30, 2273 (1974);

bJ. D. White and B. D. Gesner, Tetrahedron Lett. 1591 (1968).



