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Abstract: A nove gpproach to cucurbituril synthesis is described where partid subdtitution is
introduced into cucurbit[njuril. The identification of homologues (and their subgtitution) in reaction
mixtures is achieved by a combination of ESMS and the use of the molecular probes (quests) 1,4
dioxane and 1,9-octanediamine. A unique symmetrical hexamethylcucurbit[3,3]uril, the mgor
product, was isolated and characterized.
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I ntroduction

The cucurbit[ nJuril, Q[n], are an interesting new family of molecular hosts [1] that are both chemicaly and
thermdly robugt. They have limited solubility in agueous solvents, or organic solvents such as formic acid,
acetic acid [2], trifluoroacetic acid and trifluoroethanol [3]. For more than ten years decamethylcucurbit[5]uril
good as the only fully substituted cucurbituril [4]. Recently the fully substituted cyclohexanocucurbit[n]uril,
CynQ[n], where n = 5 and 6, have been reported and these have some organic solvent solubility [5]. While
this latest report is encouraging for the possible achievement of other fully subgtituted cucurbiturils, the limiting
factor in the synthesis of fully subgtituted Q[n] appears to be that substituted glycolurils have a propensty to
form the smdler cucurbituril homologues. In the case of methyl substituted Q[n], MeQ[5] is the only
product formed, whereas for cyclohexano substituted Q[n], CysQ[5] occurs as the major product, >80%.
Access to the interesting and potentidly more vauable [1] fully substituted higher homologues is restricted.
Given that there are only two examples in the literature [4,5] of fully subgtituted cucurbiturils and despite
sgnificant efforts in our laboratories [6,7], the synthesis of various fully subdtituted Q[n], bearing the same
subgtitution on every glycoluril unit appears difficult. The smalest homologue consgtently forms as the mgor
product when fully subgtituted Q[n] are successfully synthesized.
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We wish to report a nove gpproach to cucurbituril synthesis where partid substitution can be introduced
into Q[n]. To ad in the discussion of the cucurbiturils of this type, we propose that the origind nomenclature
[4] be expanded from cucurbit[n]uril, Q[n], to subgtituted cucurbit[s,u]uril, SQ[su], to accommodate the
subdgtitution, where s = the number of subgtituted glycolurils and u = the number of unsubstituted glycolurils[6].
The prefix S describes the substitution carried.

S

cucurbit[s, duril

— O
ja R'NJ‘NR'
N™°N N "N-CH; R R
R-)—gR He}—H RN R
Ny N N~CH, v
o} o}
L 1R=R'=R"=H

2R=Me,R'=R"=H
3R =Me, R'and R" = (CH),0

Recently the partidly substituted Q[6], diphenylcucurbit[1,5]uril has been syntheszed and isolated in
modeate yield [8]. Here we describe a method for introducing higher orders of subgtitution suitable as a
mode for the development of partidly subgtituted Q[n] that includes functiondity. In addition, chemica
manipulation is possible where arange of partidly substituted Q[n] homologues (n =5 — 7) can be synthesized
with the mgor sze being n = 6. We examined the synthess of partiadly substituted Q[n] building on our
previous experiences with the formation of Q[n] [9] and in particular relying on identification of products by
ESMS.

Results and Discussion

A successful gpproach was derived from the demonstrated self condensation of dimethyltetracyclic ether
(3) in 8 M HCI which produces the known decamethylcucurbit[5]uril, MeQ[5] [9]. In the formation of
Me1Q[5] from 3 there are two mole equivaents of methylene linkers more than are required and these are
regenerated as formaldehyde. We reasoned that if one mole equivaent of glycoluril (1) were added to 3,
which carries the linkers, then incorporation of the dimethylglycoluril moiety into the oligomer and subsequent
condensation to a partidly subgtituted Q[n], was probable. By this method, under acid catalyss there are
aufficient linkers to achieve Q[n] of partia subgtitution without the addition of formaldehyde. ESMS spectra
showed the reaction to be successful. We have established that Q[n] dissolved in a solvent in the presence of
CsCl show ESM S spectra with characteristic patterns of mass ions of the parent ion plus combinations of the
akai meta ions and its counter ion, such as (P+2Cs)/2, P+Cs" and P+Cs.CI [9]. The ESMS spectra of the
crude reaction mixture of the above reaction, showed ions attributable to Q[n] of partid methyl subgtitution of
szesn = 57, Table 1. Therdaiveion intengties of the 9zes (s+ u) 5, 6 and 7, were cone voltage dependent
and therefore did not accuratdy reflect the proportions in the reaction mixture. To establish the rdative ratios
of the sizes, we investigated the mixture by *H-NMR spectroscopy (Figure 1a) using two molecular guests as
probes. 1,4-Dioxane in CsCI/D,O has previousy been used to identify small amounts of Q[6] in reaction
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mixtures [9] and recently we have found that 1,8-octanediaminein 5 M DCI/D,O can be used to identify Q[7]

in reaction mixtures.
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Figure 1. 8 The *H-NMR spectrum of a sample of the standard crude reaction mixture dissolved in 0.2 M

CsClI/D20. The nonequivaent methylene protons occur a A and B. The methine protons and the methyl
protons occur a A and C, respectively; b) *H-NMR spectrum of purified 4c; ¢) **C-NMR spectrum of

purified 4c.
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Table 1. ESM S spectrd ions observed for the partialy substituted cucurbit[s,u]uril a 100 V.

stu  MexQ[s\] % | (P+2Cs’)2 P+Cs" | P+Cs",CI
5 Ca2H3sN20010[1,4] 8 562.0 990.8 1158.9
CaHasNaO10[23] |61 | 576.0 1018.9 | 1186.9
CasHeN2O10[3,2] | 100 | 589.8 1046.9 | 1214.9
CasHiNaOo[4,]] | 66 | 603.9 1075.0 | 1243.0
6 CaoHuN24012[2,4] 2 658.9 1157.0 | 1324.8
CuHieN20012[3,3] | 100 | 6729 1185.0 | 1352.8
CaHsN200[4,2] | 74 | 6869 1212.9 | 1380.8
CaeHssN 24015[5,1] 7 701.0 1241.0 | 1408.9
7 CuHsoN2gO1[25] |26 | 742.0 1350.9
CusHs4N25014[3,4] 100 | 756.0 1378.8
CsoHssN25014[4,3] 43 770.2 1406.8

*Relative intengities (%) within each set (eg. s+ u = 5). The relative intensity
between unit sizes 6 + U) 5:6:7 were 90, 100, and 12%. No products were
observed that were completely substituted or fully unsubstituted. 1ons consistent
with N, associated (or as inclusion complexes) with Me;Q[2,3] and MesQ[3,2]
where also observed, a phenomenon reported for Me Q[ 5] [1c].

Sgnificantly, neither of these two molecule guests showed any encgpsulation in Q[5] and were therefore
considered suitable as probes to identify Q[6]- and Q[7]-9zed cavities in the product mixture of the partidly
subgtituted Q[n]. Dioxane is encapsulated inside the cavity of Q[6] and the dow exchange results in a sharp
signa of bound dioxane a 2.71 ppm, upfield of free dioxane at 3.56 ppm. The upfidd shift is characterigtic of
encapaulation [1a,1d,9]. Unsubstituted Q[7] dso binds dioxane but exchanges more quickly giving abroad
weak upfield signal between 2.45 and 2.96 ppm. Adding dioxane to the crude reaction mixture of methyl
substituted cucurbit[s,u]uril, MesQ[s,u] in CsCI/D,O, produces four sharp signas in the *H-NMR spectrum
at 2.61, 2.62, 2.64, and 2.65 ppm (Figure 2a). Given that these Sgnas occurred near the chemica shift of
bound dioxane of unsubgtituted Q[6] (2.71ppm), it is reasonable to conclude that the signds are due to
dioxane bound in cavities equivdent in Sze to that of Q[6], MesQ[2,4], Me&:Q[3,3], MegQ[4,2], and
MewQ[5,1]. Since neither Me2Q[6] nor Q[6] were detected by ESMS and that the Signas were rdatively
sharp, the observation not only supported the existence of Me,{Q[s,u] , as products, where s + u = 6, but that
there were at least four different combinations of subgtitution, dso consstent with the ESMS.
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Figure 2 & An expanded region of the "H-NMR spectrum showing the bound dioxane signd of a standard
reaction mixture of MesQ[s,u] dissolved in 0.2 M CsCI/D,O; b) An expanded region of the 'H-NMR
gpectrum showing the bound dioxane sgnd of a sandard reaction mixture of Me,sQ[s,u] prepared under the
concentrated reaction conditions dissolved in 0.2 M CsCl/D,0.

By comparing the integrd of the bound dioxane sgnds to the integrd of the cucurbituril methylene Sgnds
between 4.00 — 4.28 ppm, and assuming that the ratio of the binding of dioxane to MexQ[su] (s+ u = 6)
was comparable to Q[6], we caculated the proportion of Q[6]-sized cavities (Me,Q[2,4], MeQ[3,3],
MegQ[4,2], and MepQ[5,1]). Further details of this procedure are outlined in the Experimenta. Repeating the
reaction severd times gave the proportion of substituted Q[6] as 55 - 60 weight% of the crude reaction
mixture each time.

Using a smilar method except with 1,8-octanediamine in 5M DCI/D,0, the proportion of Q[7]-Szed
cavities was calculated to be 10-15% of the tota reaction mixture. This was achieved by comparing the
integra of 1,8-octanediamine a methylene protons to the integra of the same set of methylene cucurbituril
resonances as above. This diamine, in excess, forms a 1:1 complex with unsubstituted Q[7] with dow
exchange. Characterigtic upfield resonances at 2.55(@ CH,), 0.77(b CH,), 0.46 and 0.38 ppm appear for the



Molecules 2003, 8 79

diamine methylenes when they are indde the cavity. The unbound diamine resonances occur as a st of three
peaks at 2.81, 1.47, and 1.13 ppm. In contrast, when encapsulated in Q[6], the a CH, of this diamine moves
downfield [10] as they fdl into the shielding zone of the portd, dlowing clear digtinction. Multiple sets of
bound sgnds as found with dioxane were not observed dthough some broadening was apparent. The
rdatively dean *H-NMR spectrum of the crude reaction mixture (Figure 18) indicates that substitution can be
achieved with high converson to Me,Q[s,u] while dso maintaining a sgnificant proportion of the higher
homologueswheres+u=6and 7.

g O9lycoluril
\) dimethylglycoluril
4a 4b 4c

-~ methylene link

$181816:¢

Figure 3. A pictorid representation of the possible subgtitution patterns to be found in MeyQ[s,u] where s +
u=6ands=0to6andu=0to6.

If condensation is purely arandom process there are ten possible combinations for Me<Q[s,u], where s +
u = 6, within the four basc groups detected by ESMS (Figure 3). It was anticipated however, that the
condensation would not be random and that condensation between 1 and 3 would occur in an aternate
manner as shown in Scheme 1. Clearly, two methyl subgtituted glycolurils can condense adjacent to each
other, as indicated by the mgor ions that identify Me;Q[3,2] as a single isomer or a mixture of two possble
isomers. In this case the odd number of glycoluril units required to form a Q[5]-sized product precludes the
posshility of an dternative mechanism, other than at least two subgtituted glycolurils condensing adjacent to
eech other. Given that Me;Q[3,3] is comprised of an even number of glycoluril moieties an dternate
condensation appeared probable. Chromatography on  cation exchange resin and recrystdlization of enriched
fractions of Q[6]-szed products from HCl/dioxane gave the complex dioxane@MesQ[3,3]. The dioxane was
removed from the complex by repetitive dissolution and evaporation from an agueous solution of acetonitrile,
to yield pure MesQ[3,3], (4c). The *H-NMR spectrum (Figure 1b) in its smplicity shows resonances for a
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sngle set of nonequivaent methylene protons as doublets at 4.16 and 5.48 ppm and two singlets at 5.35 and
1.62 ppm for the methine and methyl protons respectively. This is condgstent with an dternate arrangement of
substituted and unsubstituted glycoluril units, hence the symmetrica (about the portd axis) MesQ[3,3], 4c. The
B3C-NMR spectrum (Figure 1¢) also supports this structure, with two different carbonyl carbon resonances a
157.4 and 156.5 ppm, the methyl substituted quaternary carbons at 79.0 ppm, the methine carbons a 71.5
ppm, the methylene carbons as a single resonance a 49.0 ppm and the methyl carbon a 17.1 ppm. The
ESMS spectrum of the CsCl complexes confirmed MesQ[3,3] was the product, giving three characterigtic
ions[9] a m/z 673.3, 1213.4 and 1381.2 ((P+2Cs)/2, P+Cs and P+Cs",Cl" respectively). A sharp bound
dioxane signa was observed at 2.64 ppm corresponding to the mgor bound dioxane signal observed in the
mixture,
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Recently we have developed synthetic methods that can be used to induce a degree of control over the
cucurbituril homologue digtribution, either by using different acids, by changing reactant concentrations [9], or
by adding dkai metd sdts [11]. In this work we report preiminary findings that show smilar effects on the
digtribution of partiadly substituted cucurbituril homologues, MexQ[s,u].

LiCl added to reaction mixtures was found to increase the proportion of MexQ[s,u], wheres+u = 6, to
76%, a 20% improvement. The proportion of s+ u =7 was virtudly unaffected, remaining a 10%, and s+ u
= 5 was decreased to 15%. Increasing the concentration of reactants in the absence of LiCl did not have an
anticipated effect of increasing the proportion of higher homologues [9]; rather these conditions had an effect
on the number of Me subdtitution combinations. This was evident in the increased number of bound dioxane
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sgnds found in the 'H NMR spectrum of the product mixture, 7 signals instead of 4 (Figure 2b). This resut
indicates a change in the assemble of glycoluril units during condensation to Me,sQ[s,u]. It is probable that
under these conditions there is increased opportunity for the dimethylglycoluril moiety or s units, to condense
immediately adjacent to each other instead of arepetitive aternate series of condensations of 1 and 3 (Scheme
1).

LiCl was found rot only to increase the proportion of Q[6]-szed products but dso to affect assembly in
favor of the repetitive aternate series of condensations of 1 and 3. Two changes were evident: the bound
dioxane experiment showed an increased signd intensity a 2.64 ppm in the *H NMR spectrum, and the
proportion of Q[6]-sized product ions was increased relative to other Q[n] ionsin the ESMS spectrum. The
proportion of the Me;Q[3,3] mass ion aso increased (by 10%) relative to MeQ[2,4] and M&Q[4,2] (100 :
33 39, respectively, with no other Q[6]-szed combinations detected).

Idedlly a technique such as preparative HPLC would be a vauable asst in the isolation of individud
components of reaction mixtures in this difficult area of partialy subgtituted Q[n]. Prdiminary sudies with
HPLC indicate that this is possble usng a C18 reverse phase column, provided the mixture has been
separated into Q[5]-[7] Sze groups on cation exchange resin prior to HPLC. Solvent gradients of formic
acid/water/acetonitrile, d 20/80/0% to 5/25/70%, initidly eute the low orders of partidly substituted Q[n].
The higher orders of subgtituted Q[n] dute with increases in the proportion of acetonitrile. The HPLC
fractions were anayzed by ESMS. The mgor product, the symmetrica MesQ[3,3], 4c, can be isolated by
this method, but the yidd is difficult to quantify. The HPLC conditions have yet to be optimized and problems
regarding detection remain, however the method shows great promise and is likely to be applicable to other
subgtituted and partidly subgtituted Q[n] systems.

The isomers 4a and 4b (a0 of the formula of MesQ[3,3]), were not detected during the isolation and
purification of the symmetricd Me;Q[3,3], 4c. The aternate condensation (Scheme 1) is most likely to be
controlled by the kinetics of the reaction. The condensation between the methylene carbons of the ether ring of
3 (or oligomers) and the urea nitrogen of 1 is probably faster than the displacement of the two methylene
carbons, a process necessary to alow condensation between two adjacent methyl subgtituted glycoluril
moieties. However, this displacement has been demongtrated by the condensation of 3 to form MeyQ[5] [9]
and in the synthess of patidly subdtituted Q[n], by the formation of products such as MesQ[3,2] or
MesQ[4,2]. Even with these side reaction processes 4c occurs as the mgor product with or without LiCl
present. From a LiCl template reaction [11] the isolated yield of 4c was 10%. However, the yidd in the
mixture was ca 47% when caculated by consdering the proportion of the integral attributable to bound
dioxanein 4c (2.64ppm) as afraction of the percent of Q[6]-szed products. A caculation based on the ratio
of theions of Q[6]-5zed productsin the ESM S spectrum also gave asimilar yield.

Sonificantly an attempt to synthesize Me,Q[s,u] by direct acid catalyzed condensation of 1 and 2 in the
presence of formadehyde (asin a conventional Q[n] synthesis) was less successful; a mgjor portion of the
product mixture was unsubgtituted Q[n]. This result reflects a compstitive reaction where 1 reacts with
formaldehyde to form an oligomer, and findly Q[n], which is faster than the incorporation of 2 into the
oligomer. The favored condensation of 1 with itsdf might aso help to explain the formation of products such
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as Me,Q[2,4], where a least two unsubstituted glycoluril moieties condense adjacent to each other. This
could occur by two pathways, ether by regeneration of formadehyde by hydrolyss of the ether ring of 3, or
by transfer of a methylene linker to the unsubgtituted glycoluril mioety by a hydrolytic disconnection of
oligomers. The red dashed linesin Scheme 1 illugtrate this type of disconnection for structures 5 and 6 [9,12].

MesQ[3,3], @c), a new type of cucurbituril, was found to be soluble in the polar organic solvents
acetonitrile, DM SO and trifluoroethanol, however dways requiring the addition of some water. The solubility
was 7.5g / 100 mL (1:1 acetonitrile/water) and Smilar solubility in trifluoroethanol with the addition of 5-10%
water. This compound is insoluble without the addition of water. It is clear that organic solvent solubility can
be achieved even with partia substitution. Organic solvent solubility opens the possibility of a broader range of
molecular guest binding capabilities. Cucurhiturils are particularly interesting as unique molecular hosts, with

low polarizability [14].
Conclusions

Sgnificant ingghts have been gained in this sudy toward developing a method for the synthess of partialy
subgtituted cucurbit[s,uJuril, SQ[s,u], while maintaining the ability to synthesze subgtantia proportions of the
higher homologues s+ u = 6 and 7. In addition a degree of regiochemica control has been achieved. This
method for introducing subgtitution into cucurbiturils gives the potentid for solubility manipulation and
functiondisation through substituted glycolurils carrying functional groups.  Alternative subgtituted glycoluril
combinations are under investigation together with the refinement of HPLC as a purification method for

partially Q[n].
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Experimental

General

Unless otherwise indicated, commercid materids were used as received. All use of the name dioxane
refers to 1,4-dioxane. For ESMS, samples were dissolved in CsCl/formic acid and diluted with H,O. *H-
and ®C-NMR spectra were recorded in 0.2 M CsCl in DO at 400 and 100 MHz respectively. Chemical
shifts are reported in parts per million, relative to externd dioxane (3.56 ppm for protons and 67.4 ppm for
carbon) in the same solvent. The cation exchange resin used for chromatography was Dowex 50wx2-400
washed with concentrated HCI then equilibrated with the duting solvent.
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Procedure

The tetracyclic diether (3) [13] (1.043gm, 4.04mmoal) and the glycoluril ) (574 mg, 4.04 mmol) were
combined together and ground into a homogeneous powder. To thiswe added LiCl (170 mg, 4.0 mmol) and
36% HCI (6.5 mL) and the mixture stirred at room temperature for gpprox 10 min at which point al solids
had dissolved. Heeting to 100 °C for 2 hr resulted in a tranducent red- brown solution which was cooled and
the acid evaporated in vacuo to give alight brown solid. This was soluble in agueous sdt solutions, TFA and
minera acid solutions. The crude product was dissolved in 0.5 M HCI/90% formic acid, 1.1 and applied to a
column of cation exchange resin. Eluting with the same solvent gave fractions in the order of methyl substituted
Q[5], [6] and [7] respectively. Fractions were andyzed by ESMS, and *H-NMR spectroscopy using a
dioxane probe. Dioxane in >2 mole equivaents in 0.2 M CsCI/D2O binds with Q[6] in an integra ratio of
1:0.5, Q[6]:Dioxane. The fractions containing Me,sQ[s,u] where s+tu=6 were evaporated in vacuo and the
resdue dissolved in a amdl volume of 36% HCI, followed by the addition of a large excess of dioxane. The
colorless crystdline product was collected by filtration, dissolved in acetonitrile/water and evaporated to
dryness. This process was repeated 3 times to give 145 mg of 4c, (10% yidd).
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