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Mechanism of the Conversion of Inverted CB[6] to CB[6]
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Inverted cucurbitpjurils (iCB[n]) form as intermediates during the synthesis of cucunhitjls from
glycoluril and formaldehyde in HCI (83C). Product resubmission experiments establish that the
diastereomeridCB[6] and iCB[7] are kinetic products that are less stable thermodynamically than
CBJ6] or CBJ[7] (>2.8 kcal mot?'). WheniCBJ[6] or iCB[7] is heated under aqueous acidic conditions,
a preference for ring contraction is noted in the formation of CB[5] and CBJ[6], respectively. Interestingly,
under anhydrous acidic conditions ring size is preservedi@i#i6] delivering CB[6] cleanly. To establish
the intramolecular nature of tH€B[6] to CB[6] conversion under anhydrous, but not aqueous, acidic
conditions we performed crossover experiments involving mixtureiCB[6] and its*C=0 labeled
isotopomer3C,-iCB[6]. An unusual diastereomeric CB[6] with a'Miois geometry 13) is proposed as

a mechanistic intermediate in the conversiom@B[6] to CB[6] under anhydrous acidic conditions. The
improved mechanistic understanding provided by this study suggests improved routesnieype|

compounds.

Introduction

The synthetic and supramolecular chemistry of the cucurbit-

[nJuril family® (CB[n]) of macrocycles has undergone rapid

expansion in recent years with the development of a homologous,

series of macrocycles (CBJ, n =5, 6, 7, 8, 10%° diastere-
omeric inverted CBf] (iCB[n]),* and bis-nor-seco-CBJ[10],
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iCB[6] to CB[6] Mechanism

recognition’® DNA delivery and cleavag¥, mediation of
organic reaction& chemical sensor, and self-sorting sys-
tems!4 Despite the fact that the recognition properties of

CB[n] molecular containers surpass those of the cyclodextrins,

their use in industrial applications has been limited by several
factors. These include the following: (1) cyclodextrifizut not

CB[n]—can be accessed in a size-selective manner by the

inclusion of appropriate complexation agents in the cyclodextrin
forming reaction mixture, (2y-, 8-, andy-cyclodextrin have
very good aqueous solubility whereas @B[n = 6, 8, 10)
compounds have low solubility in unbuffered water, and (3)
strategies for the chemical derivatization of the cyclodextrins
are better developed. We, and others, have been pursuing

synthesis of CB{], CB[n] derivatives, and CBj] analogues as
part of our efforts to remove these impediments toward their
industrial applicatiod®>18 For example, Kim's group has
developed the direct functionalization of preformed 6]Bhat
yields (HO»,CB[n] compounds that undergo further covalent
derivatization reaction¥. These CBfi] derivatives have en-
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CHART 1. Chemical Structures of CBh] and iCB[n]
00 o o 00 o< o]
iy g\ MM \

N ANAﬁ N N’%N N F_N_{/&ﬁ‘\ f"kﬁh ‘FE“N
v\ H
= 9 = » « . HA
\éw';)'&?'u:-ﬁhh NS NN‘.)F( NS N
°%  od o ol °% of o
CBIn] n-5 CBIn]

science application®.In this manner, significant progress has
been made toward alleviating the limitations of the second and
third factors. In this paper, we continue to tackle the first
limitation by enhancing our knowledge of the mechanism of

synthetic and mechanistic approach toward the tailor-made%rmat'on of the CBf] family of macrocycles. Specifically, we

show thatiCB[6] andiCBJ[7] are kinetically controlled inter-
mediates in the formation of CB[ and investigate the mech-
anism of the conversion ofCB[6] to CB[6] under acidic

conditions.

Results and Discussion

hanced water and organic solubility, enable attachment to solid  This section begins with a brief presentation of the state-of-
phases for separations and immobilization applications, andthe-art regarding the mechanism of @Bformation, which

serve as multivalent building blocks in biology and materials
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serves as a basis for the subsequent discussion of the mechanism
of conversion ofiCB[6] to CBJ[6].

Previous Mechanistic StudiesScheme 1 shows the funda-
mental steps of the mechanism of @Bformation that were
presented by the groups of Isaacs and Day previously and
modified here to include the presenceiGB[n] as kinetically
controlled intermediates in the procéga.n brief, glycoluril 1
undergoes dimerization in the presence of a source of formal-
dehyde under acidic conditions to yield a mixture of two
diastereomers2C and2S). These dimers are hypothesized to
undergo further oligomerization to yield Behrend’s polyn®r (
which has a large number of possible diastereomers dependent
on the relative orientation of the H-atoms on the convex face
of the glycoluril oligomer. Behrend’s polymé&rthen intercon-
verts most or all of its S-shaped to C-shaped subtiuieshaps
under the influence of templating grodpsto create an
oligomer (e.g.4 or 5) that is poised to undergo macrocyclization
to enter the CB{f] family manifold.

The majority of the previously reported mechanistic studies
of CBJ[n] formation have been reported by the groups of Day
and Isaac$1821.22For example, the Day group focused on the
latter stages of the mechanism of @Bformation compounds
by examining the influence of a variety of potential templates
(e.g., ammonium ions and alkali metal cations) on the distribu-
tion of CB[n] compounds obtained. Day’s group also reported
the influence of acid type, acid concentration, and concentration
of glycoluril on the outcome of the CB[-forming reaction.
Although these variables do influence the outcome of the
CB[n]-forming reaction, the impact of these variables on the
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SCHEME 1. Proposed Mechanism of CBf] Formation
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SCHEME 2. Equilibrium between S- and C-Shaped nature of the isomerization process and lead us to formulate
Methylene-Bridged Glycoluril Dimers the isomerization mechanism shown in Scheme 3. In brief, the

R - R (£)-7S to &)-7C interconversion proceeds by protonation and
\z;l',“(\‘/—‘:; ﬁ//\—@ fragmentation of £)-7S to yield iminium ion &)-8. Iminium
R—( Lo CICH,CH,CI R— Lo ion (4)-8 undergoes intramolecular capture (undehydrous

s NO PTSA, reflux N° 6C acidic condition$ to yield spirocyclic intermediatet)-9 that
S'Shapedo@ . — o C-shaped can fragment in the opposite sense to yield iminium ion
04 ? R X (+£)-10, which then closes to yieldH)-7C.

@ﬁl R /ng”\\j@ The mechanistic insights gained from the studies of Day_ apd
Isaacs lead both groups to independently suggest that building
block approaches would deliver tailor-made @Rfype com-
pounds. These predictions were subsequently demonstrated
experimentally by the directed synthesis of J@8[6], Mes-

individual steps of the mechanism of GBformation has not
yet been clarified. In an elegant product resubmission experiment

Day also showed that CB[8] is converted into the smaller CBl6], and CBf] analogued1618 Despite the successful

CB[n] homologuesif = 5, 6, 7) under the reaction conditions. - L
In contrast, the Isaacs group has focused on the formation.SyntheSIS of CBf analogues based on our mechanistic reason-

and interconversion of C-shaped and S-shaped methylene-Ing deri_ve(_j from_ studies ofsolubiliz_ed methylene bridged
bridged glycoluril dimers (e.g2S and2C) in the earliest stages glycoluril dimers in anhydrous organic _smjntswe _wanted to
of the mechanism of CBJ formation. For this purpose, we assess whether those mechanistic insights carried over to true

. . CB[n] systems based on unsubstituted glycoludi) vhere
Egi:/rllcl’léslx eegelg:;?ii g? x;;Iderg: esgr%?(;?o[]n; Sthayrllzngé’trfgﬁ(_j gly synth_e_sis and study are typically performed under aqueous acidic
bilizing groups 6S and6C) by dimerization undeanhydrous condltlo_ns. )
acidic conditiongCICH,CH,Cl, p-toluenesulfonic acid (PTSA), Isolation of iCB[n] (n = 6 and 7) Enables Further
reflux)21.23 By product resubmission experiments, we estab- Mechanistic S.tudle.s.ln 2005, the groups of Isaacs and Kim
lished that the C-shaped compounds are thermodynamically"€Ported the isolation of two new members of the QB[
more stable than their S-shaped diastereomers by factors of cal@Mily—iCB[6] and iCB[7]—that contain a single inverted
95:5 (Scheme 2). At the time, this high preference for the glycoluril unit (Scheme 43}.Similar to 6S and.YS described .
C-shaped form allowed us to rationalize the high yield (829) gbove, Fhe H-at0m§ on the convex face of the '|nver.ted glycolurll
obtained in the synthesis of CB[6], which contains six inde- Ng of iCB[6] andiCB[7] point in the opposite direction to
pendent C-shaped subunits (e.g., 6.8574%). It also alerted  th0Se of the neighboring glycoluril rings. Hence, #EB[6]
us to the possibility of diastereomeric GBvhere one or more andiCBJ[7] can be recognized as being the macrocyclic relatives

glycoluril subunits adopt the S-shaped configuration with respect ©f the S-shaped methylene bridged glycoluril dimers studied
to the neighboring glycolurils (e.giCB[n]). earlier. SincdCB[6] andiCB[7] are macrocyclic they can be

In the course of these studies we made several observation/i€wed as containing two S-shaped methylene-bridged glycoluril

that led us to suspect that the S- to C-shaped equilibrium mightdimer, subunits. This realization immediately raised several
be an intramolecular process. To test this hypothesis, we devisediUstions in our mind and presented us with the opportunity to
a crossover experiment based on doubly methoxy-labeled €St the mechanistic conclusions of our model system studies
(£)-7S. When {)-7S was heated under the anhydrous reaction Within the real system. AreéCB[6] and iCB[7] kinetically
conditions we observed the clean transposition of the OMe labelscontrolled intermediates in the synthesis of GB[What are

under the formation of-£)-7C. This observation and control e stabiliies ofiCB[6] and iCB[7] relative to CB[6] and
experiments described previously establishittiamolecular ~ CB[7]? Does the mechanism presented above for the transfor-
mation of &)-7S to @&)-7C also apply to the conversion of

(23) Witt, D.; Lagona, J.; Damkaci, F.; Fettinger, J. C.; Isaacig. ICB[6] to CB[6]?
Lett. 200Q 2, 755-758. Wu, A.; Chakraborty, A.; Witt, D.; Lagona, J.; Inverted CB[n] (n = 6, 7) Are Kinetic Intermediates in
Damkaci, F.; Ofori, M. A,; Chiles, J. K.; Fettinger, J. C.; Isaacs] LOrg. the Formation of CB[n]. To test whetheiCB[n] (n = 6, 7),

Chem.2002 67, 5817-5830. ; . g
(24) Buschmann, H.-J.; Fink, H.; Schollmeyer, E. Ger. Offen. DE which contain S-shaped fragments similar@8 above, are

19603377, 1997Chem. Abstr1997 127, 205599]. kinetic intermediates in CBJ] synthesis, we performed product

6842 J. Org. Chem.Vol. 72, No. 18, 2007
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SCHEME 3. Proposed Mechanism for the Diastereoselective Conversion of S-Shapeleb(?S to C-Shaped £)-7C (R = COEt)
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SCHEME 4. Synthesis ofiCB[n] C-shaped conversion of our model studlasnder anhydrous
o o 00 o0 o acidic conditions was not valid under the aqueous acidic
HC /" 'f &&HAJN CB[n]-forming reaction conditions. To determine whether this

:N Nl-||_| Ha o o8 ﬁ(‘( _( _1 N discrepancy was due to the change from anhydrous to aqueous
AW _-CHZO [n] + | H t, ( N qu acidic conditions or the presence of the ££Dsolubilizing or

Y N ”b \m%’r“‘-’ . o-xylylene capping groups of our model compouné$s @nd

o 0 n 0 ¢ 0 6C) we performed the transformation oE€B[6] to CB[n] in

B8] (n = 1) iCB[7](n=2) anhydrous MeSgH and also in mixtures of concd HCI and

MeSGQ;H (Figure 1)%6 Interestingly, when anhydrous Me g

SCHEME 5. Conversion ofiCB[6] to CB[n] under Acidic was used as the solvent CB[6] was the only product. No CB[5]

Conditions or CB[7]—that would be the products of ring contraction or
)?C; OO\ o] o :? 0.. ?k ring expansiofrwas observed under anhydrous acidic condi-
Kol Nf/\mﬁk. NN g N U IR N tions. When mixtures of concd HCI and Me@®were used as
({ f—}—iN( ) oy : i K . )_( )_I )} solvent a smooth transition between these two extreme situations
' NN na i i i i ;
AN A e L e NN NN NN ring contraction versus retention of ring siz&as observed
\ 3(5 c?’;’ \ Y Yé') e (Figure 1). This result strongly suggestelut did not prove-
iCBIn] (=6 37) CBIn] (n = 5'_‘:}, 05 that the conversion afCB[6] to CB[6] under anhydrous acidic
conditions was an intramolecular process analogous to that
resubmission experiments (Scheme 5). WHE&B[6] and observed for model systed® and7C (Scheme 3).

iCB[7] were separately heated in concentrated HCI complete Mechanistic Extremes in the Transforma_tion ofiCB[6] .
consumption ofCB[n] starting material was observed with the to CB[6]. On the basis of the previously published mechanistic
formation of CBf]. Inverted CBJ[6] yields a 24:13:1 mixture studies in the CBf] ared*"*2and the results described above
of CB[5], CB[6], and CB[7] whereakCBJ[7] yields a 4:1 mixture we can postulate the presence of two meqhgnistic extremes
of CB[6] and CB[7]. This result establishes tH&B[6] and  (@dueous versus anhydrous) in the conversiofG&[6] into
iCB[7] are kinetic intermediates in the formation of @Band CB[n] (Scheme 6; plueh 3queous Eathway, l')'g?]t blue: somﬁ
thatiCB[6] andiCBJ[7] are significantly less stable than GB[ HZO present; green: anhydrous pat W?y)- In oth extremes, the
(n = 5-7). Although our model system studies suggest that initial steps m_the proposed mechanism are similar, n_amely
iCB[6] andiCB([7] should be ca. 4 kcal moh (2 x 2 kcalmotly ~ Protonation ofiCB[6] followed by bond cleavage to yield
S-shaped fragment) less stable than the corresponding] CBJ[ Iminium 1on 11 Under anhydrou§ acidic condlltlons, iminium
the sensitivity of outH NMR only allows us to provide a lower 10N 11is forced to react with an internal (e.g., intramolecular)
estimate on the difference in stability between 6B&nd nucleophﬂe—namely_the ure|dyl l\_l-atomto _yleld spirocyclic
iCB[n] (=98:2, AG = 2.8 kcal mofl). An interesting aspect N-acyl ammonium lonl2 Splro-.lnter.medllatelz may then_

of this set of experiments under aqueous acidic conditions was'Ndergo cleavage in the opposite direction followed by ring
the propensity for ring contraction concomitant with the

transformation ofCB[n] to CBJ[n], that is,iCB[6] yields mainly A100 .

CB[5] whereasCB[7] yields mainly CB[6]. This observation & go - -

requires the extrusion of one glycoluril uritost likely the % L

inverted glycoluril unit-and dictates the cleavage of four O 60~ . ° ¢

adjacent N-CH, bonds?® g 40 ? -
The Presence of HO Influences the Size Distribution 3 ° .

Obtained in the Conversion of iCB[6] to CB[n]. The B 20 ¢

observation described abevthe preference for ring contraction e . . . . .

of iCB[6] and iCB[7] to CB[5] and CB[6], respectivety 0- f . . . . T

suggested that thmtramolecular natureof the S-shaped to 0 0.2 0.4 0.6 0.8 1

37% HCl in MeSO_H (V %)

(25) To conclusively establish that the inverted glycoluril unit is extruded .
would require the availability ofCB[6] specifically isotopically labeled FIGURE 1. Influence of the composition of the concd HCI/Me$D
on the inverted glycoluril unit. Unfortunately, the statistical synthesis process solvent system on the distribution of QB[obtained fromiCBI6].
makes such a compound inaccessible. Key: CB[6], m; CB[7], ¢; CB[5], @.
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SCHEME 6. Mechanistic Possibilities for the Transformation ofiCB[6] to CB[6] under Acidic Conditions2
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FIGURE 2. Cross-eyed stereoview of the PM3 minimized geometry
of Mébius CB[6] (13).

closure to yield13. Intermediatel3 is quite unusual in that it
has the connectivity of a Mimus strip. Althoughl3 may appear
to be a prohibitively high energy intermediate, PM3 calculations
suggest that3 (Figure 2) is only 7.1 kcal mof higher in energy
thaniCB[6]. Repetition of the protonation, cleavage, intramo-

5) is also able to insert a glycoluril unit to undergo ring
expansiort’ When the concentration of 8 is low, intermediate
14 can be transformed int&6 by a repetition of steps-13.
Interestingly, intermediat&6 can be redrawn in a manner that
makes it clear that it is now poised to undergo a series of
intramolecular ring closures (vid7) to yield CB[6]28

The data presented in Figure 1 suggest that th®Tldontrols
which of the three pathways dominates under a given set of
conditions. It is tempting to suggest that the pathway via
Mdbius-intermediatel3 must operate to the exclusion of the
water-mediated pathways in Meg@@ Unfortunately, all
CB[n] compounds are quite hygroscopic and removal of residual
H,0 from samples ofCB[6]—and similarly from MeSGH—is
impractical. Hence, it is possible that small amounts e©OH
are present even under anhydrous conditions. To address
whether small quantities of adventious wateither from
solvent oriCB[6]—might influence the mechanistic pathway

lecular N-atom capture, cleavage, and ring closure processesollowed during the reaction, we followed the conversion of
(analogous to Scheme 3) is then capable of producing CB[6] iCB[6] to CB[6] by IH NMR as a function of iiCB[6]] both

by a completely intramolecular process with no possibility for

without and with (2% v:v) added water (Figure 3). As can be

either ring contraction or ring expansion. Under aqueous acidic readily seen, changing the concentratiori@B[6] by 50-fold

conditions, iminium iorl1 can undergo intramolecular N-atom
capture to yieldl2 followed by addition of HO to yield 14.
When the concentration of J is high (e.g., concd HCI) we
believe the dominant pathway leads to intermeditieby a
process of multiple NCH, bond cleavage events mediated by
water. Intermediatd5 (n = 4 or 5) may then undergo ring
closure to yield CB[5] or CB[6]. The small but reproducible
amount of CBJ[7] observed suggests that intermedi&tén =

(26) These experiments were performed VilEB[6] rather thariCB[7]
because of its much greater abundance in the crude]@®ming reaction
mixture and also its far greater ease of purification.

6844 J. Org. Chem.Vol. 72, No. 18, 2007

has only a small effect on the relative rate of conversion to
CB[6], which strongly suggests that the transformation of
iCBJ[6] to CB[6] is a first-order process. Similarly, the presence
of small amounts of water (2% v:v) does not significantly

(27) We have attempted to insert functionalized glycolurils or glycoluril
cyclic ethers via a ring expansion process but were not able to isolate a
single pure compound from these reactions. We believe that differential
reactivity betweerl and functionalized glycolurils as well as stoichiometric
imbalance between glycoluril and formaldehyde is responsible.

(28) Intermediatel6 is C, symmetric and chiral. A related intermediate
with Cs symmetry is also possible (Supporting Information) that leads to
CBI[6] in an analogous manner.
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FIGURE 3. Influence of the concentration 6€B[6] and HO on the
rate of transformation afCB[6] to CB[6] in MeSQH at 85°C. Key:
[iCB[6]] = 20 mM, @; [iCB[6]] = 2 mM, B; [iCB[6]] = 0.4 mM, #;
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FIGURE 4. (a) Cross-eyed stereoview of the X-ray crystal structure
of iCB[6] and'H NMR spectra (400 MHz, 20% DCI/D, rt) for (b)
iCBI[6] and (c)*C,,-iCBJ[6].

change the relative rate of th€B[6] to CB[6] conversion,
which suggests that the interconversioniGB[6] to CB[6]
proceeds via Mbius intermediate 13 under anhydrous
conditions.

13C,,-iCB[6] and iCB[6] Do Not Undergo Crossover
During the Transformation to 13C;,-CB[6] and CB[6] in
MeSOsH. Although the experiments described above clearly
suggest the mechanism of the transformationi©B[6] to
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557.24 = [iCB[6]-18]>*
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FIGURE 5. ES-MS spectra collected for(e}B[6]-18, (b) *3C,-iCB-
[6]-18, (c) an equimolar mixture ofCB[6]-18 and °C,,-iCB[6]-18,
(d) a mixture of CB[6] and*C,CB[6] obtained from the reaction of
iCB[6] and*3C,-iCB[6] in MeSQH as their complexes witth8, and
(e) a mixture of CB[6],}*C,>-CB[6], and partially labeled3C-1,-CB-
[6] obtained from the reaction GfcB[6] and *C,iCB[6] in concd
HCI as their complexes witt8.

to obtain13C,-glycoluril (13C,-1). Compound3C,-1 was then
reacted with formaldehyde in HCI to yield a mixture of fully
13C-labeled CBf] and iCB[n] from which we isolated
13C,,-CB[6] and 13C,,-iCB[6]. Figure 4 shows théH NMR
spectra recorded foCB[6] and3C,,-iCB[6]. As expected the
resonances for the methine protons on the equator of
13C,-iCBJ6] are split (K, triplet; Hy and H;, doublet of triplets)
due to two equivalertdc_y couplings. The magnitude of these
coupling constantsJc—y = 2.1—2.4 Hz) is consistent with the
H—C—N-13C dihedral angles (112127) observed in the
X-ray structure ofiCB[6]. Similarly, the doublet of triplets
observed for Hand H (3Jc—n = 4.7—5.0 Hz) is consistent with
the range of HHC—N—13C dihedral angles (125142) to the
13C=0 group on the two flanking glycoluril rings. More
interesting is the doublet of doublets observed for the methylene
proton H, connected to the inverted glycoluril ring. In this case,
there are two HC—N—13C dihedral angle ranges (14359

and 84-96°) resulting in one modesflc-y = 6.5 Hz) and
one very small value o¥Jc—y which in addition to théJycy =

14.0 Hz for the diastereotopic GHroup results in the observed

CBI[6] is an intramolecular process under anhydrous acidic doublet of doublets.

conditions and involves intermolecular (e.g., ring contraction

Once we had prepared and characteri?€q-iCB[6] we set

or expansion) under aqueous acidic conditions we did not regardout to perform crossover experiments by transforming a mixture
that as sufficient proof. Accordingly, we set out to prepare a of iCB[6] and 13C,,-iCB[6] into labeled CBfi] under either

labeled version ofiCB[6] with the goal of transforming a
mixture of labeledCB[6] andiCB[6] into labeled CB[6] and

CB[6] to observe whether any scrambling of the label occurs.

For this purpose we chose to re&tt-labeled urea with glyoxal

anhydrous or aqueous acidic conditions. Spectra a and b of
Figure 5 show the electrospray mass spectra obtained for
iCB[6]-18 (hexanediammonium iorf,8) and3C;»-iCB[6]-18
which show parent ions at'z557.24 and 563.27, respectively,
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for their doubly charged cations. We measure the electrospraystability relative to CBf] (n > 8) due to reduced ring strain.
mass spectra in the presencel@fto avoid the possibility of (3) The largeriCB[n] and iCB[n] containing multiple (func-
interaction with adventitious alkali metal cations {LNa", or tionalized) inverted glycoluril units may be best accessed by
K*) which would distort the results of the crossover experi- using a building block approa&hté-18that employs preformed
ment2® As a control experiment we measured the electrospray oligomerd®18 containing S-shaped subunits. The use of low
mass spectrum of a physical mixture (equimolar)@B[6]-18 temperatures and acidic solvents containing no or only small
and!3C,-iCB[6]-18 (Figure 5c). We next heated an equimolar amounts of HO—which preserve ring size during the reaction
mixture of iCB[6] and 3C,»-iCB[6] in either anhydrous is predicted to be particularly suitable. The enhanced under-
MeSQH or concd HCI and obtained the electrospray mass standing of the mechanism of QB[formation described herein
spectra shown in Figure 5, spectra d and e. In anhydroussuggests routes toward tailor-made @Bfompounds, which
MeSQ;H, no crossover products (e.43C-1-CB[6]-18) were promises to broaden the range of applications to which the
observed, which conclusively established the intramolecular CB[n] family may be applied.

nature of the transformation in this solvent. In contrast when

the solvent was concd HCI, a substantial amount of crossover Experimental Section

product {3C-;,-CB[6]) was observed. This observation estab-
lishes thatiCB[6] ejects glycoluril units into solution and
reincorporates those glycoluril units during the transformation

into CB[6]. Under aqueous acidic conditions, the pathway that (0.6 mL). The resulting solution was heated at ca-86 °C until

proceeds via intermediatd4 is operative whereas under j heayy precipitate had formed. The reaction mixture was allowed
anhydrous acidic conditions the pathway that proceeds via to cool to room temperature and filtered. The filter cake was washed
Mobius intermediatel 3 is dominant. with water (10 mL) and then acetone. The resulting white solid
was dried under high vacuum to yieldC,-1 as a white solid
(3.50 g, 78%)H NMR (400 MHz, DMSOds) 6 7.14 (d,J = 2.4,
4H), 5.20 (t,J = 2.9, 2H).23C (100 MHz, DMSO#ds) 6 162.1,
65.4. MS (FAB, glycerolywz 145 ([M + H]*).

Preparation of 13C;,-CB[6] and 13C,-iCB[6]. 13C,-1 (3.44 ¢,

S . 2 23.9 mmol) and powdered paraformaldehyde (1.50 g, 47.8 mmol)
Product resubmission experiments establishitbB{n] are less were thoroughly mixed. To this mixture was added concd HCI

stable than CBf] by more than 2.8 kcal mot. Interestingly, (4.0 mL) while the mixture was stirred rapidly. Gelation was
the transformation ofCB[6] and iCB[7] into CB[n] under observed in 2 min. The mixture was then heated to XDor 6 h.
aqueous acidic conditions occurs with substantial amounts of After cooling to rt, the reaction mixture was poured into MeOH
ring contraction. In contrast, under anhydrous acidic conditions (80 mL) under stirring. The precipitate was collected by centrifuga-
iCBI6] is cleanly transformed into CB[6]. No crossover products tion and dried under high vacuurkC,o-CB[5] and 13C;4-CBJ[7]
were observed when mixturesi@B[6] and13C,»iCB[6] were were removed from the mixture by washing with water three times
used, which establishes that this conversion is an intramolecular(3 x 50 mL). *C,s-CB[8] was removed as an insoluble solid by
process. An unusual diastereomeric CB[6] with 4 bils partially dissolving the mixture wit 3 M HCI (60 mL). After the

: " : : : filtrate was concentrated (20 mL) it was poured into MeOH
?neeocrﬂggé rﬁ% f'fmﬁ’;‘;ﬁ’&ﬁiI;SCin‘\’/gtr';"i‘)'n'%%r[rg]e?éatceB'[g] the 120 mL) and the solid was isolated by filtratioiCy, CB[6] was
- " . . obtained by recrystallization from concentrated HCI (1.50 g, 35%).
under anhydrous acidic conditions. These studies shed light ong4ctions containing mixtures &1C,»-CB[6] and:3C,,-iCB[6] were
the fate of one of the final kinetically controlled intermediates cojllected and then purified by ion exchange chromatography

Preparation of 13C,-glycoluril (33C,-1). To a solution of
H,N13CONH, (5.0 g, 81.9 mmol) in water (10 mL) was added a
40% aq solution of glyoxal (4.6 g, 31.7 mmol) and concd HCI

Conclusions

In summary, we have shown that diastereomeZiB[6] and
iCB[7] form as kinetic intermediates during GB[formation.

in the formation of CBAf. (Dowex 50WX2). A mixture of'3C,;CB[6] and 13C,»iCB[6]
Although we previously reached conclusions about the (0.80 g) was dissolved in®/88% formic acid (1:1, 15 mL). The
mechanism of the earliest steps in the formation of @ B4.g., column was eluted with 0.4 M HCI/88% formic acid (1:1). After

thermodynamics and mechanism of @ to 2C conversion) ~ monitoring the collected fractions bfH NMR, fractions were
based om-xylylene capped methylene-bridged glycoluril dimers combined and dried under high vacuum overnight to g

i i i "
bearing solubilizing C@Et groups, the applicability of those '(25(56,3/'&322 2“8,‘;% é(gagaos) g g’vgge(ssil'zf)cfgf%'z Ts'\é'\f_s
conclusions to systems based on unsubstituted glycdlwiés 12H), 415 (dtJ = 15.6, 3 Hz, 12|_’|)_13C (’400 MHz, 20% DCl/

questionable. The elucidation of the mechanism of one of the p,0) ¢ 155.1, 68.9 (m), 50.3 (m). ES-MS 505 (M 2H)%*.

final steps in CBfi] formation, namely, theCBJ[6] to CB[n] 13C,,-iCB[6]: *H NMR (400 MHz, 20% DCI/RO) ¢ 5.59 (dt,J =

conversion described herbased on and in complete accord 8.6, 2.3 Hz, 2H), 5.48 (dt) = 8.6, 2.3 Hz, 2H), 5.455.35 (m,
with the predictions from the model studieirther reinforces 14H), 5.18 (d,J = 13.9 Hz, 4H), 4.75 (tJ = 2.1 Hz, 2H), 4.35
the value and relevance of model studies in the i¢Bfrea. (dd,J = 14.0, 6.5 Hz, 4H), 4.28 (df = 15.7, 5.0 Hz, 4H), 4.17
That enhanced confidence allows us to make a series of(dt,J = 15.6, 4.7 Hz, 4H)!3C (400 MHz, 20% DCI/[O) 6 155.2,
predictions: (1) Despite the thermodynamic instability of égg'%.{ﬂlfgﬂ’)im'e’ 767 (m), 62-60 (m), 52-49 (m). ES-MS
iCBJ[n] relative to CBf], theiCB[n] have good kinetic stability. _' ) ) .

This kinetc stbily suggests that invered CBfompounds  [ometoof (B[] o GBI 1 & ture of eSOt
containing two or more inverted glycoluril rings will be

X . indicated v:v mixture of MeSeH and 37% HCI (0.6 mL) was
accessible. (2) AlthougiCB[6] andiCB[7] are less stable than  peated at 85C for 4 h. The solution was pipetted into methanol

the diastereomeric CB[6] and CB[7] we believe that larger (10 mL). The precipitate was collected by centrifugation and dried
iCB[n] (e.g., n > 8) may exhibit enhanced thermodynamic under high vacuum overnight to give a mixture of the various
CB[n] compounds (17.418.4 mg, 8792%). The distribution of
(29) The isotope pattern foFC,~iCB[6] is somewhat irregular, but ~ the various CBf] compounds was obtained by careful integration
reproducibly so, in that the peak intensities oscillate. We do not understand Of the *H NMR spectrum of the mixture obtained with 20% DCI/
the cause of this effect. D,0 as the solvent.
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Concentration Effect on the Transformation of iCB[6] to 13C,-iCBJ6] (10 mg) in 37% HCI (0.6 mL) was heated at 86
CBI[6]. A solution of iCB[6] in MeSG;H (0.6 mL) or MeSQH/ for 4 h. The solution was pipetted into methanol (10 mL). The
H,O (98:2 v:v, 0.6 mL) was heated at 8E. After the indicated precipitate was collected by centrifugation and dried under high
time, the reaction was pipetted into MeOH to yield a precipitate, vacuum overnight to give a mixture of partially labeled
the precipitate was isolated by centrifugation, and the crude solid 13C_,,-CB[6] (17.2 mg, 86%) as established by analysis of the
was dried under high vacuum. The conteni®B[6] and CB[6] electrospray mass spectrum.
was monitored by careful integration of tAel NMR spectrum

; . ; ; 0
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