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Abstract: The results of a systematic study of the structural isomerism in more than 30 noncovalent hydrogen-
bonded assemblies are described. These dynamic assemblies, composed of three calix[4]arene dimelamines
and six barbiturates/cyanurates, can be present in three isomeric forms withDejtl@p, or Cs symmetry.

The isomeric distribution can be readily determined via a combinatidd 6fMR and3C NMR spectroscopy.

In one case it is shown that the covalent capture of the dynamic assemblies via a ring-closing metathesis
(RCM) reaction provides a novel analytical tool to distinguish betweerDtha@nd Cs, isomeric forms of the
assembly. For thB3 isomer the RCM results in the formation of a cyclic trimer, comprising three dimelamines,
whereas for the&Cg, isomer a cyclic monomer is formed. Molecular dynamics simulations in chloroform are
qualitatively in agreement with the experimental data and reveal that the isomeric distribution is determined
by a combination of steric, electronic, and solvation effects. A wide range of isomeric distributions covering
all extremes has been found for the studied assemblies. Those with 5,5-disubstituted barbituric acid derivatives
exclusively form theD3 isomer, because steric hindrance between the barbiturate substituents prevents formation
of the Cg, andCs isomers. In contrast, assemblies with isocyanuric acid derivatives exhibit increased stability
of the Cg, andCs isomers upon increasing the size of the isocyanurate substituent. The outcome of the assembly
process can be controlled to a large extent via chiral substituents in the calix[4]arene dimelamines, due to the
preferred orientation of the chiral centers.

Introduction ognized that there are three different structural motifs in the
isocyanuric aciemelamine (CAM) lattice, i.e., the linear and
crinkled tape motif and the cyclic rosette mdét# Structural
isomerism has also been observed within other well-defined
molecular assemblies as a result of different orientations of the
%uilding blocks within the assemBfy or as a result of
tautomerisn? These forms of structural isomerism often result
in the formation of a mixture of assemblies. This always
complicates the analysis and will eventually affect the applica-
tion of this type of self-assembled structures.
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Noncovalent interactions play an important role in determin-
ing the three-dimensional structure of biological assemBlies.
Although only a limited number of building blocks are used,
the structural variety in these assemblies is enormous. Example
are the various forms of DNand thea-helices oi-sheets in
proteins® Subtle changes in the arrangement of the building
blocks can have a large effect on the secondary structure of
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Figure 1. Molecular structure of double rosette assemblies sucky-89EB)s and the three structural isomers of this type of assembly.

In this paper we describe the results of a systematic study prising three molecules of calix[4]arene dimelamihand six
aimed at characterizing the various parameters that govern themolecules of 5,5-diethylbarbituric acid (DEB) are currently
isomeric distribution in a series of nine-component hydrogen- investigated in our grouf? The driving force for the assembly
bonded assemblies. Understanding these parameters is essentipfocess is the cooperative formation of 36 hydrogen bonds. In
in order to control the assembly process and to generate oneprinciple, assemblies such &g8(DEB)s can be present as three
(or more) of the isomers selectively. Initially, we will analyze constitutionally different isomers: thBs; isomer (staggered),
the isomeric distribution in more than 30 different assemblies the Cg, isomer (symmetrically eclipsed), and tl& isomer
by ™H and 3C NMR spectroscopy and show that molecular (unsymmetrically eclipsed) (Figure 1).

dynamics simulations provide a qualitative insight into how the  |n the D5 isomer the two melamine units of all three calix-
different parameters influence the isomeric distribution. Second, [4]arenes are in a staggered orientation with respect to each
we show that the products formed after covalent capture of a other (Figure 2), which causes the assembly to be cHiral.
dynamic assembly can be used to determine the symmetry of
the assemblies, which renders it a useful analytical tool. Finally,  (13) (a) Jolliffe, K. A.; Crego Calama, M.; Fokkens, R.; Nibbering, M.

i ; i i distribiiti M.; Timmerman, P.; Reinhoudt, D. M\ngew Chem, Int. Ed. Engl. 1998
we show how in certain CaSE.ES the.lsomenq d|str|bu_t|on of the 37,1247-1251. (b) Timmerman, P.; Vreekamp, R. H.; Hulst, R.; Verboom,
assembly can be controlled via the introduction of chiral centers yy'- Reinhoudt. D. N.: Rissanen. K.: Udachin. K. &hem Eur. J. 1997
in the individual building blocks. 3, 1823-1832. (c) Vreekamp, R. H.; Van Duynhoven, J. P. M.; Hubert,
M.; Verboom, W.; Reinhoudt, D. NAngew Chem, Int. Ed. Engl. 1996
35, 1215-1218.
(14) The orientation of the two melamines can either be clockw#$e (
. . or counterclockwiseN]). In the absence of additional chiral centers present
1 1 ; -1 : : L
H and *3C NMR Spectroscopic Characterization of the in the building blocks, the staggered isomer exists as a racemic mixture of

Isomers. Nine-component assemblies (e.fjs;(DEB)s) com- the P andM assembly.

Results and Discussion
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Figure 2. Staggered and eclipsed orientation of the two melamine
moieties of a calix[4]arene dimelamine. Thé &nhd C carbons are
used as probes to analyze the symmetry of the assembli€€ IYMR
spectroscopy.
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three different positions, i.e., positions X}/R?, and R (Chart

1). We have investigated the formation of assemblies with
barbituric acid (BA) and a series of derivatives (5,5-dimethyl-
(DMB), 5,5-diethyl- (DEB), and 5-ethyl-5-phenyl- (EPB)) with
substituents that differ mainly in size, and one bisbarbiturate
(BisBAR) in which the two barbituric acid moieties are
connected via aCs-spacer. Furthermore, the formation of
assemblies from a similar series of isocyanuric acid derivatives
with butyl (BUCYA), neohexyl (HexCYA), 1,1,1-triphenylpro-
pyl (TripCYA), and p-tert-butylphenyl (PheCYA) substituents
was investigated.

The influence of the substituents at positiohd® assembly
formation was investigated using calix[4]arene dimelamihes
3, and4, having butyl, benzyl, orR)-1-phenylethyl substituents,
respectively. Furthermore, the formation of assemblies from
calix[4]arene dimelaminB, with one R)-1-phenylethyl and one
(9-1-phenylethyl moiety, was investigated. Finally, we exam-

Recently, we have shown that assemblies of one handedneséned the effect of the introduction of NGubstituents at position

are formed when chiral centers are present in the building
blocks?® The Ca, andCs isomers, in which the two melamines
(on each calix[4]arene) are in an eclipsed orientation (Figure
2), have a plane of symmetry and are therefore achiral. The
Can, andCs isomers differ in the sense that t@gisomer lacks
a Cz-axis due to the 180rotation of one of the calix[4]arenes.
Whitesides et al. have previously discussed the valugof
NMR spectroscopy as a tool for the analysis of the symmetry
of hydrogen-bonded assembli€sUpon the formation of

R3 of dimelamine2 on assembly formation.

Dimelamine4 was prepared using a procedure similar to that
described for dimelamineis!3 2,13 and3.1%2For the synthesis
of dimelamine5, one of the amino groups aft® was BOC-
protected upon reaction with 1 equiv of BOCON to g&én
67% vyield. Subsequent reaction ®fwvith cyanuric chloride (1
equiv, 0°C) followed by successive reaction with gaseoussNH
(0 °C) and R)-1-phenylethylamine (6 equiv, reflux) in THF
afforded compoun@ in 64% yield. Removal of the BOC group

assemblies, the NH protons of the barbiturate or isocyanuratein 9 with TFA gavel0 (93%), which was successively treated

component get involved in hydrogen bonding and undergo a
large downfield shift from 8.4 to 1316 ppm, an area free of

with cyanuric chloride (1.1 equiv, 8C), gaseous NKi(0 °C),
and finally (§-1-phenylethylamine (10 equiv, reflux) in THF

other resonances. The number of resonances reflects theo give5 as the final product in an overall yield of 18% (Scheme

symmetry of the assembly. For assemblies suctsgBDEB)g,

the Cs isomer can easily be distinguished from the other two
isomers. On the basis of symmetry, a total of six proton signals
in the 13-16 ppm region of théH NMR spectrum is expected,
since all NHan, protons within one rosette layer reside in a
different magnetic environment, due to the absence ofhe
axis. For theD3 and Ca, isomers two signals are expected, as

the three different substituents on the melamines render the two

NHparb protons of each barbiturate chemically inequivalent in
the assembly, thereby giving two anisochronic signals for these
protons. Since the two rosette layers are related either@y a
axis (Dz isomer) or aop-plane Cs, isomer), the protons in one
rosette layer are either homotopic or enantiotopic, respectively,
compared to the protons in the second rosette layer and therefor
give identical resonancés$.The D3 and Cz, isomers can be
distinguished usingC NMR spectroscopy. These isomers differ
in the number of signals for the2@nd & carbon atoms of the
unsubstituted aromatic rings of the calix[4]arene (Figure 2). The
Cz-axes in theD3 isomer cause the @and @ carbons to be
homotopic (isochronous), resulting in a single resonance. The
Caand C carbons in theCa, isomer, which lack<,-axes, are
heterotopic (anisochronous) and therefore give different signals.
Similarly, the protons Bland H are homotopic in th®z isomer
and enantiotopic in theCg, isomer, but these protons are
occasionally substituted by other groups, thus preventing a
general characterization B! NMR spectroscopy.

Structural Variations in the Building Blocks. Structural
variations within the components can readily be introduced at

(15) Prins, L. J.; Huskens, J.; De Jong, F.; Timmerman, P.; Reinhoudt,
D. N. Nature 1999 398 498-502.

(16) Simanek, E. E.; Wazeer, M. |. M.; Mathias, J. P.; Whitesides, G.
M. J. Org. Chem 1994 59, 4904-4909.

1).

Cyanurates BUCYA and PheCYA were synthesized in one
step from the corresponding amines via reaction with
chlorocarbonylisocyanate in 15% and 25% vyield, respectively,
following a literature procedur¥. The remaining compounds
were either commercially available or have been reported
previously?0

Influence of the Barbituric Acid Substituent X on the
Isomeric Distribution. Our initial investigations of the structural
isomerism in hydrogen-bonded assemblies were prompted by
the observation that all DEB-containing assemblies that we
studied form only theD3; isomer (Table 1 summarizes the
isomeric distribution of all assemblies discussed in this paper).

As typical examples, thBH NMR spectrum and part of tHéC

NMR spectrum of assemblgs-(DEB)s are depicted in Figure
3. That assembl@s-(DEB)s exclusively forms theDs isomer

is confirmed by the presence of only two s resonances at
14.01 and 13.72 ppm in th#d NMR spectrum and a single
resonance for the@and @ carbons at 141.08 ppm in tHéC
NMR spectrum. This is in full agreement with previously
reported X-ray crystal diffraction studies and 2D NOESY
experiments of assembBs:(DEB)s.13? Assembliesls-(DEB)s
and 3;:(DEB)s give very similar spectra, which indicates that
in these cases the; isomer is also formed exclusively.

(18) Timmerman, P.; Boerrigter, H.; Verboom, W.; Reinhoudt, D. N.
Recl Trav. Chim PaysBas1995 114, 103-111.

(19) Kimizuka, N.; Kawasaki, T.; Hirata, K.; Kunitake, J.Am Chem
Soc 1998 120, 4094-4104.

(20) For the synthesis of BisBAR, see: Lipkowski, P.; Bielejewska, A.;
Kooijman, H.; Spek, A. L.; Timmerman, P.; Reinhoudt, D. 8hem
Commun1999 1311-1312. For the synthesis of calix[4]arene dimelamine
6, see ref 22. For the syntheses of HexCYA and TripCYA, see: Mathias,

(17) This is only the case when the substituents on each melamine areJ. P.; Seto, C. T.; Simanek, E. E.; Whitesides, G.JMAm Chem Soc

identical.

1994 116, 1725-1736.



3620 J. Am. Chem. Soc., Vol. 122, No. 15, 2000 Prins et al.
Chart 1
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Scheme 1. Synthesis of Calix[4]arene Dimelamirte
\N/H
N/*
1) cyanuric chlaride, 3 hrs, 0 °C Ho )\\ N
H,N NH, BocNH ) NH;,(g), 2 hrs, 0 OC BocNH
‘O \ i@ i 3) (R)-a-methyibenzylamine, \ ‘O j
\'\» i BOC-ON, Et;N 8 hrs, 67 °C i
L
%>° 2 0( DMF, 3 hrs, 50 °C §> < ( DIPEA, THF
7 8 (67%) 9 (64%)
H\N/H _H H\N/H
N%|\N )\N N)\lN
N H\N)\\NJ\N/H 1) cyanuric chloridi, 3hrs, 0°C H\N)%NJ\N/H H\N)%N*N/
2) NH,(g), 2 hrs, 0 °C
\ ‘ HCT? 3) (S)-0.-methylbenzylamine, ~cH \ i@ / HCTS
TFA S i H 8hrs, 67°C e \'Ng ¥ A
_ ¢}
CH,Cl,, 8 hrs, RT %;’ °<° DIPEA THF §>o 0{0(
10 (93%) 5 (43%)

Subsequently, the assembly behavior of a series of closelyspectra for the assemblids-(BA)s and 33-(BA)s, indicating

related barbituric acid derivatives, e.g.

DMB, BA, and EPB,

the formation of undefined assemblies. This must be due to a

was studied. Substitution of both ethyl for methyl groups at |ack of steric bulk at position X, which is essential for the
position X has no effect on the assembly process. Assembly stability of double rosette assemblies. In contrast to this, the

23-(DMB)s shows two signals in the 3L

IH NMR spectrum and one resonance for tiea@d & carbons
at 141.24 ppm in th&*C NMR spectrum, proving the exclusive
d%'(DMB)6 and33~

formation of theDs isomer. For assembli
(DMB) similar results were obtained.

Substitution of DEB by BA gives rise to broaiH NMR

6 ppm region of the

IH NMR spectrum of assemblg@s:(BA)e is sharp and very
similar to assemblies comprising DMB or DEB. THE NMR
spectrum shows a single resonance for theu@ & carbons,
which confirms the presence of tilg isomer. The reasons for

the very different assembly behavior of dimelamineompared

to that of dimelamined and3 are not entirely clear, but they



Structural Isomerism in Nonealent H-Bonded Assemblies J. Am. Chem. Soc., Vol. 122, No. 15, 3820

Table 1. Summary of the Isomeric Distribution of All Assemblies

calix[4]arene barbiturates cyanurates

dimelamine DEB DMB BA EPB BisBAR BuCYA PheCYA HexCYA TripCYA
1 100/0/0 100/0/0 b 100/0/G b 100/0/0 90/5/5 50/20/30 0/90/10
2 100/0/0 100/0/0 100/0/0 100/0/0 0/100/0 100/0/0 b 75/15/10 0/10/90
3 100/0/0 100/0/0 b 100/0/G b 80/5/15 80/10/10 35/50/15 0/100/0
4 100/0/0 100/0/0 - 100/0/0 - 100/0/0 100/0/0 100/0/0 100/0/0
5 b d - b - d 0/20/80 0/40/60 d
6 100/0/0 - - - - - - - 0/65/35

aThe relative amounts of thBs/Cai/Cs isomers are calculated on the basis of the integrals of the signals in thE518m region of théH
NMR spectra. All spectra were recorded at 1 mM concentration in @D®@road signals were observed, indicating nondefined aggregétidme
to the unsymmetrical orientation of EPB, the two signals for Eheisomer are accompanied by relatively broad sigrfa&harp signals were
observed, indicating well-defined assemblies, but the number of observed signals was higher than theoretically possible.

14 12 10 8 6 4 2 ppm
a)
T T T T T T T T T T T T T T T T
14 12 10 8 6 4 2 0 ppm
l
i
b
) T T T T T T T T T T T T T
170 160 150 140 130 120 ppm
b) )
170 160 150 140 150 150 110 ppm Figure 4. (a)H NMR spectrum and (b) part of tHéC NMR spectrum

. X of assembly2;:(BisBAR)s. The arrows in the'*C NMR spectrum
Figure 3. (a)*H NMR spectrum and (b) part of tHéC NMR spectrum indicate the two signals for the2@nd C carbons.

of assembly2;:(DEB)s. The arrow in thé3C NMR spectrum indicates

the signal for the €and C carbons. . . .
formation of only the eclipsed isomers. Thé NMR spectrum

most likely involve a combination of steric and electronic of assembly2s:(BisBAR); exhibits sharp signals (Figure 4a),
factors, due to the presence of the NsDibstituents at position ~ with two signals at 13.71 and 14.35 ppm. Together with the
R3. two observed signals for the2@nd C carbons at 141.21 and

Assemblyls-(EPB) exhibits two main signals at 13.70 and  141.10 ppm in thé3C NMR spectrum (Figure 4b), this proves
14.38 ppm (80% of the intensity) in the #36 ppm region of that the assembly is present as g isomer. ThelH NMR
the™H NMR spectrum together with several small broad signals spectra of a 1:1 mixture of BisBAR with either dimelamihe
(20% of intensity). ThéDs-symmetrical orientation of the EPBs  or 3 show broad resonances, indicating nonspecific hydrogen
in which the phenyl groups are pointing away from the assembly bonding.
is sterically most likely. We assume that the other 20% of the = The above results suggest that 5,5-disubstituted barbituric acid
signals is attributed to staggered assemblies in which one orderivatives preferentially form th®; isomer (DEB, DMB,
several of the EPBs is oriented upside down, thus destroying EPB). Only when formation of thés; isomer is sterically
the D3 symmetry. AssemblBs-(EPB) also exhibits two main impossible, e.g. with BisBAR, is formation of thes, isomer
signals in the 1316 ppm region (13.59 and 14.15 ppm), but observed. These results can be rationalized by comparing the
these account for only 60% of the intensity. The remaining 40% position of the barbituric acid substituents in thgisomer and
is present as relatively broad signals, and the signals arein the Cz, and Cs isomers. In theCsy, and Cs isomers the two
attributed to assemblies with one or several unsymmetrically barbituric acid moieties in the upper and lower rosette layer
oriented EPBs. As for the assemblies with BA, dimelaniine  are perfectly aligned, causing steric hindrance between the
exhibits a different assembly behavior with EPB compared to 5-alkyl substituents of both barbiturate fragments. In e
dimelaminesl and 3. Assembly2;-(EPB) exhibits only two isomer this steric hindrance is relieved as a result of the
signals (13.59 and 14.21 ppm) in the-185 ppm region. No staggered orientation of the barbiturate components leaving
other signals are observed, showing the identical orientation of ample space for the 5-alkyl substituents.
all EPBs in assembl2s-(EPB). Influence of the Isocyanuric Acid Substituents on the

To obtain information about the intrinsic stability of tg;, Isomeric Distribution. Isocyanurates have a DADAD hy-
andCs isomers, the assembly behavior of compound BisBAR drogen bonding pattern similar to that of barbiturates, but both
was studied. Th€z-spacer severely limits the relative freedom the number and the orientation of their substituents is different
of the two barbituric acid moieties and consequently allows the because they are attached to aA-lsybridized nitrogen atom
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Figure 5. Part of the'H NMR spectrum of assembi§s:(BuCYA)e.

instead of an sphybridized carbon as in the barbiturates. In
general, the stability of isocyanurate assemblies is higher since
the NH groups are stronger H-bond don&rJhe increase in
hydrogen bonding strength is reflected in it NMR spectra
by a stronger downfield shift for the N protons (typically
tlo3 _141141p6p rp:]r;rﬂé gﬁrggséﬁiblts the N protons (typically to (HexCYAJs, (b) 25-(HexCYA)s, and (¢)3x(HexCYA),. The signals
’ marked with an asterisk correspond to two protons indicated by the

The isomeric distribution was studied for assemblies compris- integration. One of the signals in the spectrum2ef{HexCYA)s is
ing isocyanurates BUCYA, PheCYA, HexCYA, and TripCYA. visible as a shoulder of the signal at 14.17 ppm and is indicated by an
These isocyanurates differ only in the nitrogen substituents, arrow.
which gradually increase in size.

The 'H NMR spectra of assembliek:(BUCYA)s and 23
(BuCYA)g both show two signals in the 36 ppm region.
Furthermore, the presence of one single resonance for&he C
and @ carbons in the3C NMR spectra of both assemblies
(120.55 and 141.10 ppm, respectively) leads to the conclusion
that in both cases exclusively tBg isomer is formed. Replacing
the melamine butyl substituent with a benzyl group, as in

assembly3s:(BUCYA)g, causes a small but significant change.
TheH NMR spectrum exhibits two main signals at 14.72 and
14.19 ppm (80% of the intensity) attributed to tBe isomer
—— :

(Figure 5), accompanied by a total of eight (twosix) sharp T es | 180 145 140 35 13.0ppm
signals (20% of the intensity) arising from the corresponding Figure 7. Part of thetH NMR spectrum of assembli: (TripCYA)s.
Csnh andCsisomers, respectively. Assemt8y(BUCYA)g is the

first example of a double rosette in WhiCh all three isomer_s are the C,, isomer, whereas introduction of a nitro group at the C
observed. Remarkably, the larger size of the benzyl substituent, 4 & carbons. as in assembBy (HexCYA)s, stabilizes the

LA S S B s B S S S B

o I15|.5' o I15|.0I o '14.5 I14.0 13.5 I13|.0ppm
Figure 6. Part of theH NMR spectrum of assemblies (dy:

seems to favor the formation of eclipsed isomers. Ds isomer.

~ Assemblyls-(PheCYA) forms almost quantitatively thes The increase in stability of the eclipsed isomers upon
isomer according to théH and*C NMR spectra. Assembly  increasing the size of the isocyanuric acid substituent becomes
33*(PheCYA) is also formed mainly as thBs isomer (80%),  even more pronounced for assemblies containing TripCYA,

but again the eclipsed isomers are observed (20%). Mixing of which form mainly as the&s, isomer. ThetH NMR spectra of
dimelamine2 and PheCYA in a 1:2 ratio leads to unspecific 15 (TripCYA)g, 33 (TripCYA)s, and6z(TripCYA)s all exhibit
hydrogen bonding. CPK models clearly show that, due to the two main signals at 14.55/14.53, 14.43/14.34, and 14.53/14.44
nitro substituents, the periphery of the assembly is sterically ppm, respectively. The two signals observed for assembjtes

too congested to form a double rosette assembly. (TripCYA)s and 63+(TripCYA)e are accompanied by six ad-
A further increase in the size of the isocyanuric acid ditional signals (10% and 35% of the intensity, respectively)
substituent leads to increased amounts ofiendCsisomers. attributed to theCs isomer (Figure 7). This once more shows

Assemblieslz:(HEXCYA)s, 23+ (HexCYA)s, and3z:(HexCYA)s how sensitive the assembly process is to changes in the building
all show a total of 10 (twot two + six) signals, indicating blocks, since even a seemingly small and negligible change such
that all three isomers are present (Figure 6). The ratio betweenas the elongation of the alkyl side chains already has a significant
the D3, Can, andCs isomers is 50:20:30, 75:15:10, and 35:50: effect on the isomeric distribution.

15, respectively, in the three assemblies. These values confirm Conclusive evidence for the fact that TripCYA exclusively
our earlier observations that replacement of a butyl for a benzyl forms theCs, and Cs isomers was obtained from a covalent

group, as in assembi§s:(HexCYA)s, causes a preference for ~ capture experiment with assemiy(TripCYA)s via a ring-

closing metathesis (RCM) reaction using the Grubbs cat&yst.
(21) Mascal, M.; Fallon, P. S.; Batsanov, A. S.; Heywood, B. R.; Champ, Recently, we have demonstrated that asse®{IPEB)s, which

S.; Colclough, MJ. Chem Soc, Chem Commun 1995 805-806. Shieh,

H. S.; Voet, D.Acta Crystallogr, Sect B 1976 32, 3254-3260 (22) Grubbs, R. H.; Chang, Setrahedron1998 54, 4413
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Scheme 2.Products of the Covalent Capture of Assembiy(DEB)s (Trimer 1123) and Assemblybs:(TripCYA)s (Monomer
12) by a RCM Reaction

trimer 11 cyclic monomer 12

is exclusively present as thgy isomer, forms the cyclic trimer
11in 96% yield, as proven by the signalmatz = 3100 (calcd

for CigoH24dN36012 = 3100) in the MALDI-TOF spectrum
(Scheme 2%2 The reason for this is that the alkene moieties
within one dimelamine fragment in assembly(DEB)s are too
remote to react, while the alkene moieties of adjacent dimelamines
are in close proximity to each other.

In sharp contrast to this, a RCM reaction with assenthaty
(TripCYA); did not show any trace of the cyclic trimérl.

Instead, the two alkene moieties of dimelamines react intramo- J U J
lecularly to give cyclic monomet?2 as the only product, proven

by the signal atn/z = 1034.1 (calcd for GHgdN120, = 1033.4) T es | 150 s 1as 135 130ppm
in the FAB-MS spectrum (SCheme 2_)' This experiment un- Figure 8. Part of thetH NMR spectrum of assembBs:(TripCYA)e.
equivocally proves that the two main signals at 14.53 and 14.44
ppm belong to th€s, instead of theéD; isomer. Unfortunately,

in this case*C NMR spectroscopy is not a suitable technique
to distinguish between the; and theCs, isomers, as it fails to
show two signals for the €and & carbons of assemblgs
(TripCYA)s, most probably due to a coincidental magnetic
equivalence.

Surprisingly, the introduction of a nitro substituent at position
R® completely interchanges the stabilities of t8g, and Cs
isomers. Assemblgs-(TripCYA)g almost quantitatively (90%)
forms as theCs isomer, as illustrated by the presence of six
signals in the 1316 ppm region of theH NMR spectrum
(Figure 8).

The above results clearly show that the outcome of the
assembly process is extremely diverse and mostly unpredictable
The isomeric distributions of the assemblies cover the whole
spectrum of possible isomeric distributions, ranging from the
guantitative formation of th®3 isomer for assemblies compris-
ing DEB or DMB to the exclusive assembly (90%) of t@g,
isomer for assemblys+(TripCYA)e, and a nearly quantitative

Y

formation of theCs isomer for assembl@s(TripCYA)s. On

the other hand, assemhly-(HexCYA)s is formed as a mixture

of all three isomers. Steric effects play an important role, as
illustrated by the effects of replacing a butyl for a benzyl
substituent on the dimelamine or the increase in size of the
isocyanurate substituents, but other factors including electronic
interactions and solvation effects most likely contribute to the
isomeric distribution as well. This has been clearly illustrated
by the peculiar assembly behavior of dimelamieand the
bulky cyanurate TripCYA.

Molecular Dynamics Studies.In an attempt to gain visual
insight into the assembly process, we performed a series of
molecular dynamics (MD) simulations in OPLS CH&lwith
aSSEmb'ieSlg'(DEB)G, 13'(H€XCYA)6, and 13'(Tr|pCYA)6
These assemblies were observed to form with very different
isomeric distributions; = 100% forlz-(DEB)g, D3/C3i/Cs =
50/20/30% forlz-(HexCYA)s, and Czn = 95% for 13-(Trip-
CYA)g, respectively), although they differ only in the barbiturate/
isocyanurate component. For each individual assembly, all three

(23) Cardullo, F.; Crego Calama, M.; Snellink-Rug. H. M.; Weidmann,
J.-L.; Bielejewska, A.; Fokkens, R.; Nibbering, N. M. M.; Timmerman, P.; (24) Jorgensen, W. L.; Briggs, J. M.; Contreras, M.JLPhys Chem
Reinhoudt, D. NChem. Commur200Q 367—368. 199Q 94, 1683.
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isomers were generated starting from the X-ray crystal structure
of assembly?z:(DEB)s using Quanta 972 The MD calculations
were carried out with CHARMmM version 24for a period of
250 ps, after which the structural integrity of the assemblies
was examined. The flatness of the rosette motif, rotation of one
or more of the melamine/barbiturate fragments out of the rosette
motif, and the number of intact hydrogen bonds are regarded
as qualitative tools to judge the stability of each of the
isomers?’-28

After 250 ps, only theD3 isomer of assemblyts-(DEB)g is
structurally intact (Figure 9a). In both tt@y, andCs isomers,
barbiturate or melamine fragments have rotated away from the
assembly, which is clearly visible (Figure 9b,c). This is most
likely due to repulsion of the ethyl groups. These results are in
agreement with our experimental observation that 5,5-disubsti-
tuted barbituric acid derivatives exclusively form thgisomer.

A similar analysis of the three isomers of assemly
(TripCYA)¢ after 250 ps shows that only th@s, isomer has
34—36 intact hydrogen bonds and does not show any sign of
destruction. In theCs isomer, steric interactions between the
two TripCYAs in the most crowded part of the assembly force
an almost 90 deviation of planarity in the rosette motifs. The
rosette motifs in thé3 isomer deviate strongly from planarity
as well, but in this case the deviation is due to destructive
interactions with solvent molecules. Early in the simulation, two
chloroform molecules penetrate between the rosette motifs,
breaking the assembly apart (Figure 10). Apparently, the
solvation of assemblyls(TripCYA)s in CHCIl3 plays an
important role in determining the isomeric distribution, with
the interior of theD3 isomer being more accessible to solvent
molecules than the eclipsed isomers.

For assemblylz-(HexCYA)s, all three isomers show nearly
flat rosette motifs with 3436 intact hydrogen bonds after 250
ps. No signs of disruption are observed, while in general the
disruptive processes began early in the simulation5@ps).

The MD simulations presented here contribute significantly
to the visualization of how different parameters affect the
isomeric distribution. These studies show that the origin of the
destabilization of specific isomers either may be present within
the assembly, e.g. steric hindrance, or can arise from direct
solvation effects. A quantitative analysis of the MD simulations
as well as the use of MD to predict the stability of hydrogen-
bonded assemblies in general is currently under investigation.

From the assembly experiments described in this paper, it is
evident that small structural variations in the molecular com-
ponents have an unpredictable effect on the outcome of the
assembly process. Although the outcome of the assembly in
most cases can be rationalized via MD simulations, it is far
more complicated to predict the outcome of the assembly
process. This is most clearly illustrated by the opposite effect
of increasing steric bulk on the barbiturate and isocyanurate
assemblies. Whereas an increase in size of the isocyanurat
substituent leads to preferential formation of the eclipsed

Prins et al.

?—igure 9. Structures of the (aPs, (b) Cs,, and (c) Cs isomers of

assemblyls-(DEB)s after MD runs of 250 ps (top views). Nonpolar

isomers, the same steric parameter is used to explain induction,yqyogens have been omitted for clarity. The arrows depict places in

(25) Quanta 97, Molecular Simulations, Waltham, MA, 1997.

(26) (a) Brooks, B. R.; Bruccoleri, R. E.; Olafsen, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. Comput Chem 1983 4, 187-217. (b)
Momany, F. A.; Klimkowski, V. J.; ScHar, L. J. Comput Chem 199Q
11, 654-662. (c) Momany, F. A.; Rone, R.; Kunz, H.; Frey, R. F.; Newton,
S. Q.; Schier, L. J. Mol. Struct.1993 286, 1.

(27) Chin, D.; Gordon, D. M.; Whitesides, G. M. Am Chem Soc
1994 116, 12033-12044.

(28) The number of intact hydrogen bonds for stable structures ranges
from 34 to 36, due to the fact that occasionally one or several of the.sIH
in the outer ring of the rosette motif temporarily rotate away.

the assemblies where the structural integrity is lost, due to the expulsion
of cyanurate (b) and melamine fragments (c).

of the D3 isomer for barbiturates. In addition to this, electronic
interactions and solvation effects are even more difficult to
predict.

Controlling the Isomeric Distribution via Chiral Substit-
uents. The final part of this paper describes a series of
experiments demonstrating that the introduction of chiral centers
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Figure 10. Structure of thé; isomer of assemblys(TripCYA)s after

a MD simulation of 250 ps (top view). Nonpolar hydrogens have been
omitted for clarity. Two solvent molecules (van der Waals representa-
tion) have penetrated between the rosette layers, causing a disruption
of the assembly.

in the building blocks can be used to control the assembly
process® As an example we use assemi8y(HexCYA)s,
which is present as a mixture of tibg, Cg,, andCsisomers in
a 50:20:30 ratio (vide supra, Figure 6a). Substitution of the
achiral benzyl substituents i for (R)-1-phenylethyl groups, R=CgH,
as in 4, completely changes the outcome of the assembly rigyre 11. (a) Orientation of the chiral substituents of dimelamine
process. Only th®; isomer is formed, as concluded from the \yith respect to the rosette core as elucidated from 2D NOESY
presence of the two signals at 13.92 and 14.61 ppm ifththe  measurements (NOESY enhancements are indicated by arrows). (b)
NMR spectrum of assembHs:(HexCYA)s (Figure 12af° The Corresponding orientation of the chiral substituents of dimelarine
reason for this behavior is that the chiral substituents have a ]
strongly preferred orientation with respect to the rosette core forms the Cs, and Cs isomers, whereas DEB and EPB are
(Figure 11a) and are unable to rotate, as revealed by+2D opserved to form only th3.|somer, asa result of steric effects
NMR ROESY measurements of assemily(DEB)g.14 (vide supra). This results_ in obstruction of _the double ros_ette
Only when the assembly is formed as Bisomer can both assembl_y process, leading to the formation of nondefined
chiral substituents adopt the preferred orientation. Similarly, a@sSemblies. _ o _ _
assemblieds:(DEB)s (Figure 12b)4s+(DMB)sg, 4s*(EPB)s, 4s* The assembly studies with d|rr}elam'|ﬁeand either DMB',
(BUCYA)s, 43+(TripCYA)s and4s:(PheCYA) (Figure 12¢) also BuCY_A, or TripCYA show that the inducing effects of the chiral
selectively form theDs isomer, even though in some cases the substituents may be occasionally overruled by other factors. All

corresponding assembly with achiral dimelamiéavors the three assemblies exhibit sharp signals in the 1@ ppm region
eclipsed isomers. of the IH NMR spectrum, indicating the formation of well-

Quantitative formation of theCz, and Cs isomers can be defined assemblies. However, the number of observed signals
achieved with meso dimelamilfgin which the two melamines 1S much larger (15, 14, and 16, respectively) than theoretically
carry substituents of opposite chirality. THé NMR spectrum possible (12) when all isomers are present. The reason for this
of assemblybs:(HexCYA)s exhibits eight signals in the 1316 assembly behavior remains unclear. _
ppm region, which proves the exclusive formation of the In summary, we can state _that ch_lral_su_bsnt_uents can have a
eclipsed isomers (Figure 12d). No trace of the staggered isomerStrong directing effect on the isomeric distribution of hydrogen-
is observed. This result can similarly be rationalized by Ponded assemblies. The handedness of chiral groupsRj.e. (
examination of the orientation of the chiral substituents. Only ©F (9) can generate an energetic difference between the
for the eclipsed isomers of this assembly can both chiral Staggered and eclipsed isomers, resulting in preferential forma-
substituents adopt the energetically most favorable orientationtion of the Ds isomer in the case of dimelaminé and
(Figure 11b). Similarly, the selective formation of tBg, and preferential formation of th€sz, and Cs isomer in the case of
Cs isomers was also observed for assembyy(PheCYA) dimelamineS.

(Figure 12e).

ThelH NMR spectra for mixtures of dimelamirteand DEB
or EPB show only broad signals (Figure 12f), indicating the  In this paper we show that the isomeric distribution of
formation of undefined assemblies. In these cases the inducingnoncovalent hydrogen-bonded assemblies cacobérolledin
effects of the chiral substituents oppose the inducing effect  a predictable manner via the introduction of chiral substituents
of the DEB and EPB components. Dimelambpreferentially in the assembly components. We describe the results of a

(29) As a result of the presence of th®-{o-methylbenzyl substituents, syStemaFIC stuc_iy on th.e a_ssembly of_a SEres (.)f ca_llx[4]a_rene
the Can isomer no longer containsa-plane, and therefore four signals are ~ dimelamines with barbituric acid and isocyanuric acid deriva-
expected for theCz, isomer instead of two. tives. Analysis of the results usifgl andC NMR spectros-

Conclusions
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Figure 12. Part of theH NMR spectra of assemblies (&g (HexCYA)s, (b) 43:(DEB)g, (C) 43*(PheCYA), (d) 53 (HeEXCYA)e, (€) 53:(PheCYA),
and (f) 55-(DEB)e.

copy together with MD simulation studies clearly shows that was removed under reduced pressure to give a yellow oil which was
the isomeric distribution betweeRs, Can, and Cs isomers is purified by column chromatography (SIOEtOAc/hexane= 1:3).
determined by a combination of different factors, i.e., steric, Compound8 was obtained as a white solid (0.70 g, 67%j).NMR
electronic, and solvation effects. For most assemblies this makes(250 MHz, CDCH): 7.4 (br s, 1H, NH), 6.96.8 (m, 4H, ArH), 6.7

an a priori prediction of the outcome of the assembly process 6.6 (m, 2H,2Aﬂ—|), 6.10 (s, 2H, ArH), 5.68 (s, 2H, ArH), 4.43 i”d_3'15
virtually impossible. However, this changes when chiral building (A8% 4H. ) = 16.5 Hz, ArCHA), 4.38 and 3.05 (ABg, 4HJ =
blocks are used. It has been shown for the first time that chiral 16.1 Hz, ArCHA), 4.0-3.8 (m, 4H, OCH), 3.7-3.5 (m, 4H, OCH),

- ) - ) 2.0-1.7 (m, 8H, OCHCH,), 1.43 (s, 9H, C(Ch)3), 1.05 and 0.90 (2t,
.substltl.Jen'.[s presentin the molecular components determine thg oy 35= g0 Hz). MS (FAB): miz 722.9 (M + H*], calcd 723.4).
isomeric distribution of the assembly in a rational manner. We anal. Calcd for GsHegN,Og-0.5H,0: C, 73.8; H, 8.1: N, 3.8. Found:
believe that the role of chirality in controlling self-assembly ¢, 74.0: H, 8.2: N, 3.9.

processes will become increasingly important. 5-N-[4-Amino-6-(R)-1-phenylethylamino-1,3,5-triazin-2-yl]-amino-
) ) 17-N-(tert-butoxycarbamino)-25,26,27,28-tetrapropoxycalix[4]-
Experimental Section arene (9).To an ice-cold solution a8 (0.50 g, 0.69 mmol) and DIPEA

(0.21 mL, 1.21 mmol) in THF (40 mL) was added cyanuric chloride
(0.13 g, 0.70 mmol), and the solution was stirred 3oh at 0°C. A
stream of ammonia gas was then bubbled through the solution for a
period of 2 h, while the temperature was maintained @ OThe solvent

was removed under reduced pressure, and the residue was partioned
between CHCI, (50 mL) and water (50 mL). The organic layer was
washed with water (20 mL) and brine (20 mL) and then dried (MgSO
and the solvent was removed under reduced pressure. Part of the white
solid (0.45 g, 0.53 mmol) was redissolved in THF (10 mL), and

0 subsequently DIPEA (0.83 mL, 4.75 mmol) ari®){a-methylbenzyl-
amine (0.70 mL, 5.43 mmol) were added. The mixture was heated at
reflux for 2 days, after which the solvent was removed under reduced

THF was freshly distilled from Na/benzophenone, EtOAc, and
hexane (referring to petroleum ether fraction with bp-80 °C) from
K2CO; and CHCI, from CaC}. All chemicals were of reagent grade
and used without further purification. NMR spectra were recorded on
a Bruker AC 250 (250 MHz) or a Varian Unity 300H NMR 300
MHz) spectrometer at room temperature. Residual solvent protons were
used as internal standard, and chemical shifts are given relative to
tetramethylsilane (TMS). FAB-MS spectra were recorded with a
Finnigan MAT 90 spectrometer witim-nitrobenzyl alcohol (NBA) as
a matrix. EI mass spectra were recorded on a Finnigan MAT 9
spectrometer with an ionizing voltage of 70 eV. Elemental analyses

were performed using a Carlo Erba EA1106. The presence of solvents : A ; .
in the analytical samples was confirmed Hy NMR spectroscopy. pressure. The residue was redissolved in@KH(50 mL), washed with

Flash column chromatography was performed using silica gel(Sio  Water (50 mL) and brine (50 mL), and subsequently driec,80).
E. Merck, 0.046-0.063 mm, 236-240 mesh). Thltle solvel_r:jt was rerT;_()\éeg undler redlrJ]ced r;ressurhe, (ar_llq th(?EtrSsAul)tlng
5,17N,N'-Bis[4-amino-6-[R)-1-phenylethylamino-1,3,5-triazin-2- yetlow Solid was puriied: by column caromatograpny (Stica, ¢
ylldiamino-25,26,27,28-tetrapropoxycalix[4]arene (4).This com- to yield 9 as a white solid (0.81 g, 649 NMR (250 MHz, DMSO-
pound was obtained as a white solid (0.58 g, 65%) in a manner similar %): 0 9:1 (br's, 1H, NH), 8.6 (br s, 1H, NH), 7_?7'2 (m, 9H, ArH+
to the previously reported dimelamine calix[4]areti® starting from NH), 6.3-6.2 (m, 8H, ArH+ NHy), 5.27 (t, 1H,J(HH) = 6.13 Hz,
5,17-N,N'-bis[4-amino-6-chloro-1,3 5-triazin-2-yldiamino-25,26,27,28-  CHCHa), 4.33 and 3.06 (ABq, 8H)(H,H) = 12.8 Hz, ArCHAr), 3.90
tetrapropoxycalix[4]areré® (0.75 g, 0.85 mmol),R)-a-methylbenzyl- and 3.63 (2t, 8H,*)(HH) = 7.9 Hz, OCH), 2.0-1.7 (m, 8H,
amine (4.0 mL, 31 mmol), and DIPEA (1.8 mL, 10.3 mmol) in THF  OCH:CHz), 1.49 (s, 9H, C(Ch}s), 1.22 (d, 3H2) = 6.13 Hz,CHGHy),

(10 mL).™H NMR (250 MHz, DMSO#s): ¢ 8.5 (br s, 1H, NH), 7.4 1.09 and 0.89 (t, 12HJ = 7.4 Hz, OCHCH,CHz). MS (FAB): m/z

7.2 (m, 9H, ArH+ NH), 6.2-6.1 (m, 10H, ArH+ NH,), 5.26 (br s, 936.6 ([M+ H'], calcd 936.5). Anal. Calcd for £gHedOsN7: C, 71.77;

1H, CHCH3), 4.32 and 3.02 (ABq, SFP,J(H,H) = 12.8 Hz, ArCH- H, 7.53; N, 10.46. Found: C, 72.15; H, 7.32; N, 10.68.

Ar), 3.89 and 3.63 (2t, 8H3J(H,H) = 8.3 Hz, OCH), 2.1-1.8 (m, 5-N-[4-Amino-6-(R)-1-phenylethylamino-1,3,5-triazin-2-ylJamino-

8H, OCHCHy), 1.42 (d, 3H,2J = 6.1 Hz,CHQH3), 1.09 and 0.89 (t, 17-amino-25,26,27,28-tetrapropoxycalix[4]arene (10Jrifluoroacetic
12H, 3] = 7.4 Hz, OCHCH,CH3). MS (FAB): m/z 1049.6 ([M + acid (3 mL) was added dropwise to a solutiorfqD.41 g, 0.44 mmol)
H*], calcd 1049.6). Anal. Calcd forggH7z204N120.2CHOH: C, 70.76; in CHXCl, (30 mL) at 0°C. The mixture was warmed to room
H, 6.95; N, 15.92. Found: C, 70.56; H, 6.83; N, 15.85. temperature and stirred overnight. Water (20 mL) was then added,

5-Amino-17-N-(tert-butoxycarbamino)-25,26,27,28-tetrapropoxy- followed by portions of solid NaHC@until the solution reached pH
calix[4]arene (8). A mixture of 78 (0.90 g, 1.45 mmol), BOC-ON 7. Subsequently, the mixture was separated, and the organic layer was
(0.36 g, 1.45 mmol), and triethylamine (0.40 mL, 2.87 mmol) in DMF  washed with aqueous NaOH (1 M,»210 mL) and brine (10 mL) and
(45 mL) was heated at 50C under an argon atmosphere ®h and dried on NaSQ,. The solvent was removed under reduced pressure to
then cooled to room temperature, after which the solvent was removedyield 10 as a white solid (0.34 g, 93%) NMR (250 MHz, DMSO-
under reduced pressure. The residue was partitioned betwegll,CH dg): 6 8.5 (br s, 1H, NH), 7.47.2 (m, 10H, ArH), 6.3-6.2 (m, 10H,
(100 mL) and aqueous NaOH (1 M, 50 mL), and the aqueous portion ArH + NH + NH,), 5.26 (br s, 1H, €ICHjs), 4.54 (br s, 2H, NH),
was extracted with CHCl, (2 x 25 mL). The combined organic 4.29 and 3.00 (ABq, 8HJ(H,H) = 13.2 Hz, ArCHAr), 3.9-3.6 (m,
solutions were washed with aqueous NaOH (1 Mx 30 mL), water 8H, OCH,), 2.0-1.8 (m, 8H, OCHCH,), 1.43 (d, 3H,2J = 6.1 Hz,
(50 mL), and brine (50 mL) and then dried (MggQCand the solvent CHCHj3), 1.05 and 0.91 (t, 12HJ = 7.4 Hz, OCHCH,CH3). MS
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(FAB): m/z 837.2 (M + HT], calcd 837.1). Anal. Calcd for
Cs1H6104N7:0.2H,0: C, 72.95; H, 7.37; N, 11.68. Found: C, 72.87;
H, 7.30; N, 11.36.
5-N-[4-Amino-6-(R)-1-phenylethylamino-1,3,5-triazin-2-yl]-
amino,17-N-[4-amino-6-(S)-1-phenylethylamino-1,3,5-triazin-2-yl]-
amino-25,26,27,28-tetrapropoxycalix[4]arene (5)A procedure similar
to that described for the synthesis®ivas used, starting frorh0 (0.34
g, 0.41 mmol), cyanuric chloride (82 mg, 0.44 mmol), and DIPEA (0.2
mL, 1.14 mmol) in THF (25 mL). The intermediate component (0.5 g,
0.5 mmol), §-o-methylbenzylamine (0.67 mL, 5.2 mmol), and DIPEA
(0.92 mL, 5.3 mmol) were refluxed in THF (5 mL) to giveas a
white solid (0.26 g, 43%) after column chromatography SiOH,-
Cl;:MeOH:(25% aqueous Nl = 99:9.5:0.5).*H NMR (250 MHz,
DMSO-dg): 0 8.5 (brs, 1H, NH), 7.47.2 (m, 9H, ArH+ NH), 6.2—
6.1 (m, 10H, ArH+ NHy), 5.26 (br s, 1H, €ICHs), 4.32 and 3.02
(ABqg, 8H, 2J(H,H) = 12.8 Hz, ArCHAr), 3.89 and 3.63 (2t, 8H,
3J(H,H) = 8.3 Hz, OCH}), 2.1-1.8 (m, 8H, OCHCH>), 1.42 (d, 3H,
2J = 6.1 Hz, CHGH3), 1.09 and 0.89 (t, 12HJ = 7.4 Hz, OCH-
CH,CH3). MS (FAB): mVz 1049.7 (IM+ HT], calcd 1049.6). Anal.
Calcd for GoH7204N122CHsOH: C, 69.98; H, 7.08; N, 15.54. Found:
C, 69.72; H, 7.20; N, 15.27.

N-Butyl-1,3,5-triazine-2,4,6(H,3H,5H)-trione (BUCYA). BUCYA
was prepared by following a literature procedure to give 5-substituted
cyanuric acid derivative¥.’H NMR (300 MHz): 6 11.36 (s, 2H, NH),
3.61 (m, 2H, NCH), 1.44 (m, 2H, NCHCH,), 1.26 (m, 2H, NCH-
CH,CH,), 0.86 (t, 3H,3 = 7.3 Hz, CH). MS (FAB): m/z186.1 ([M
-+ H*], calcd 186.1). Anal. Calcd for £1;:03N3-0.1CHOH: C, 45.27;

H, 6.10; N, 22.31. Found: C, 44.92; H, 6.02; N, 22.31.

N-(p-tert-Butylphenyl)-1,3,5-triazine-2,4,6(H,3H,5H)-trione (Phe-
CYA). PheCYA was prepared by following a literature procedure to
give 5-substituted cyanuric acid derivatiV8s'H NMR (300 MHz,
DMSO-ds)  11.51 (s, 2H, NH), 7.45 (d, 2HJ = 8.4 Hz, ArH), 7.22
(d, 2H,2J = 8.4 Hz, ArH) 1.30 (s, 9H, C(CHs). MS (El): m/'z261.9
(IM + H'], calcd 262.1). Anal. Calcd for fH1sNsOs: C, 59.8; H,
5.8; N, 15.8. Found: C, 59.7; H, 5.8; N, 15.8.

Assembly Preparation. Typically, 1 mM solutions of assemblies
were prepared either by stirring the calix[4]arene dimelamine and
barbiturate/cyanurate components overnight in 1.0 mL of GBEby
dissolving both components in THF, evaporating THF, drying under
high vacuum, and subsequently resolvating in CPCI

RCM Reaction on Assembly @-(TripCYA) 6. Ring-closing meth-

(30) Berendsen, H. J. C.; Postma, J. P. M.; Dinola, A.; van Gunsteren,
W. F.; Haak, J. RJ. Chem Phys 1984 81, 3684-3690.
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athesis (RCM) reactions were performed in toluelpeand were
monitored by'H NMR spectroscopy. Conditions in toluedg- room
temperature; 48 hp]o = 6.0 mM; [TripCYAJ/[6]=0 = 2.5; [catalyst-o
= 0.6 mol %; reactions were quenched by bubbling with oxygen.

Molecular Dynamics Calculations. Initial structures, created by
manual modification of the X-ray crystal structure of assembly
23-(DEB)s, 1% as well as visualizations were carried out with Quanta
9725 The MD calculations were run with CHARMm, version 24%0.
Parameters were taken from Quanta 97, and point charges were assigned
with the charge template option in Quanta/CHARMmM; excess charge
was smoothened, rendering overall neutral residues. The structures were
placed in a cubic box of approximately 66.0 A dimensions, initially
filled with 2136 OPLS chlorofornd® Solvent molecules that overlap
with the complexes were removed (based on heavy atom interatomic
distances of 2.3 A). Full periodic boundary conditions were imposed.
Before the MD simulations were run, the system was minimized by
steepest descent, to remove the worst contacts, until the rms on the
energy gradient was 1.0 kcatmol2-A~2 or a maximum of 1000 steps
was reached.

During the simulation the nonbonded list was updated every 20 time
steps with a cutoff of 12 A. The van der Waals interactions were treated
with a switch function between 10 and 11 A, whereas the shift function
was applied to the electrostatic interactions (cutoff 11 A). A constant
dielectric constant and anvalue of 1 were applied. The system was
heated to 300 K in 5 ps, followed by 10 ps for equilibration with scaling
of the velocities within a temperature window of 10 deg. After
equilibration, no scaling of the velocities was applied. The production
phase lasted 250 ps, and coordinates were saved regularly for subsequent
analysis. The verlet/leapfrog algorithm was used for the numerical
integration. The SHAKE algorithfion bonds involving hydrogen was
applied, allowing a time step of 1 fs.
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