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Abstract: Bifunctional 2-ureido-4[1H]-pyrimidinone (UPy) derivatives can form small cyclic oligomers as
well as long supramolecular polymers in chloroform solutions using the quadruple hydrogen-bonding motif.
Ring—chain equilibria of a set of supramolecular monomers containing methyl-substituted alkyl linkers
between the hydrogen-bonding UPy moieties were investigated by *H NMR spectroscopy and viscometry.
The data were characterized in terms of critical concentration (CC, denoting the onset of polymerization)
and equilibrium cyclic dimer concentration (EDC, representing preorganization of the monomer toward
selective formation of cyclic dimer). Methyl substituents in the monomer were found to promote conformations
favorable for cyclic dimerization, leading to an increase in both the EDC and the CC with respect to
unsubstituted monomer. Furthermore, we observed an odd—even effect in the CC and EDC with increasing
length of the linker between the hydrogen-bonding units. The combined results allow tuning of the critical
concentration over a broad range and offer detailed information on the correlation between monomer
structure, conformation, and polymerizability which may provide new insights for the study and design of
other ring—chain equilibria or helix—random coil transitions.

Introduction substituents, and very large or multiple substituents even prevent

In many chemical and biological systems, molecular confor- polymerizatior®# Similarly, an increase in equilibrium monomer
mations have a profound effect on the probability and rate of concentration with the degree of substitution was observed for
the ring-opening polymerization of substituted cyclic carbon-

ates>® and analogous effects have been reported for other
equilibrium ring-closing reactionsThis phenomenon has been
attributed to a decrease in the change in gauche interactions
upon ring-closure of the substituted monomer, thus reducing
the enthalpy of cyclizatiofIn general, steric repulsion of sub-
stituents is usually larger in the polymer than in cyclic monomer
and dimer. Furthermore, substituents may restrict rotation in
the open chain compound, largely decreasing its entropy,
whereas the entropy of the cyclic compound is not altered much,
as compared to its unsubstituted analogue.

Examples of self-assembling systems in which preference for
either cyclic or linear assemblies is determined by steric repul-
sions between substituents are also kndwinwever, most of
these systems use more or less rigid building blocks, and steric
interactions in the system affect the relative orientations of
different components rather than the conformation of the

organic reactions as well as on the strength of supramolecular
interactions by preorganization. By effective conformational
design, functional groups in a molecule may be brought into
close proximity to allow intramolecular reaction or into the
correct arrangement for binding to a ligand or receptor.

Competition between linear chain extension and cyclization,
which plays an essential role in many polymerization reactions,
is also controlled by conformational preference. In the produc-
tion of high molecular weight polymers by polycondensation
or equilibrium ring-opening polymerization, a certain concentra-
tion of small cyclic oligomers always remains present after the
reaction and strongly influences the properties of the polymeric
material obtained by acting as plasticizer. Substituents are known
to have a large influence on the polymerizability and the con-
centration of cyclic products formed. For example, pely(
caprolactam) polymerized in bulk at 26Q70 °C contains
around #8% residual monomer as well as 2% larger cyclic
oligomers}2 whereas equilibrium monomer concentrations of  (3) vumoto, H.: Ida, K.: Ogata, NBull. Chem. Soc. Jpri958§ 31, 249-252.
substituted lactam monomers increase with the bulk of the 23 Cubbon, R. C. PMakromol. Chem1964 80, 44-53.

Matsuo, J.; Aoki, K.; Sanda, F.; Endo, Mlacromolecule4998 31, 4432~
4438.

TEindhoven University of Technology. (6) Matsuo, J.; Sanda, F.; Endo, Macromol. Chem. Phy200Q 201, 585~
* Utrecht University. 596.
(1) Krajnik, V.; Bozek, P.; Kondelikova, J.; Kralicek, J. Chromatogr1982 (7) Kirby, A. J. Adv. Phys. Org. Chem198Q 17, 208-222.
240, 539-542. (8) Allinger, N. L.; Zalkow, V.J. Org. Chem196Q 25, 701-704.
(2) Odian, GPrinciples of Polymerizatior8rd ed.; John Wiley & Sons: New (9) ten Cate, A. T.; Sijbesma, R. Rlacromol. Rapid Commur2002 23,
York, 1991. 1094-1112.
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R1 polymers!”18 Exclusive formation of cyclic dimers, both in
-H-N solution and in the solid state, was observed for a bifunctional
4(—</ >=Q UPy derivative based onma-xylylene linker, as a result of its
rR2— N-H-N very rigid preorganized structuté.
-N—< >/—N Theoretical distributions of cyclic and linear products in
H  N-H-N ) —R2 polycondensations have been described by Jacobson and Stock-
O:< / mayer2® who pointed out the existence of a critical concentra-
N-H-0 tion, below which the system is composed of cyclic products
R1 only. Ercolani et al. also investigated the subject and focused

Figure 1. Association of UPy derivatives by quadruple hydrogen bonding. gn dilute systems with a broad range of association constants.
The authors concluded that a true critical concentration, below
which linear assemblies are virtually absent and above which
the amount of cyclic species becomes constant, would only be
observed for infinitely large values of the intermolecular asso-
ciation constant. Sujens et al. established the existence of a
critical concentration in solutions of UPy derivatives, showing
that association between these molecules is sufficiently s&ong.
In the current study, we have used critical concentrations to
qguantify polymerizability of different monomers. In addition,
we focused on selective preorganization toward cyclic dimer-
ization by conformational effects and determined the equilibrium
cyclic dimer concentration, or the maximum amount of cyclic
dimers (the smallest possible cycles in our systems) formed by
each monomer. Both parameters can be used as a measure for
the tendency of a monomer to undergo polymerization in com-
petition with cyclization, while the difference between the two

posgple, asin conventlonal' polymgnzanon, or quld like to values is related to the larger cyclic oligomers participating in
optimize the yield of a specific cyclic structure, as is usually the equilibrium

the case in self-assembled systems, understanding of the param- In the equilibrium between polvmers and small evelic olido
eters involved in ring-chain equilibria is very important. In quitt ' POTY . Y 9
) mers of substituted UPy derivatives, two different interactions
this paper, we demonstrate that supramolecular polymers based . . . .
. . 16 . . were anticipated to play an important role. First, substituents
on the 2-ureido-4[1H]-pyrimidinor&® (UPy) moiety (Figure . . . .
. : - . in the monomer affect its conformational preference and, with
1) are ideal candidates for a detailed study into the effect of this. the enthalby and entropv of polvmerization. Second
monomer structure and conformation on rirghain equilibria. o Py by poly . ) !
stacking interactions between UPy groups in small cyclic

Bifunctional UPy derivatives are known to form long linear . o .
olymers as well as cyclic oligomers by strong quadruple assemblies may have a stabilizing effect and also influence the
b ring—chain equilibrium. In this study, we have focused on the

. _ SN
hydrogen .bc.).ndmgl(a 6 x 10 M n chlor().f.()rm).. Due to first issue and have used monomers based on methyl-substituted
the reversibility of the monomer linkages, equilibration between alkyl linkers, which are conformationally biased toward cy-
different hydrogen-bonded aggregates is quite fast at room clization but still maintain enough flexibility to allow formation

temperaturé>? Furthermore, it is relatively easy to make a of long linear polymers at high concentrations. The substituents
broad series of UPy derivatives due to their good synthetic g poly 9 ’

s . . . are anticipated to reduce the number of low energy conformers
accessibility. In earlier studies, compounds based on linear, . . . . A

- . . to produce preferential population of certain conformations. This
unsubstituted alkyl linkers were found to form long linear subiect has been studied in areat detail by Hoffmann and co
polymers in chloroform solution, while solutions of substituted wor{(erszswho demonstrated t%at the confor):national reference
UPy derivatives contained a mixture of cyclic oligomers and ’ . ' P .

of molecules may be strongly biased by gauche interactions,

building blocks themselves. For example, Yang et al. reported
that substituted isophthalic acid derivatives form hydrogen-
bonded cyclic hexamers both in solution and in the solid $fate,
while similar compounds lacking the substituent produce linear
polymers. Detailed model calculations of the stabilities of cyclic
and linear melamine-cyanurate assemblies with different sub-
stituents were described by Bielejewska et al., who concluded
that only steric groups directly affecting the internal energy of
cyclic assemblies have a pronounced influence on the—ting
chain equilibriumt! In addition, a number of groups have
investigated ring-chain equilibria of flexible supramolecular
polymers and have studied the effect of monomer leidgth
and match or mismatch between the lengths of complementary
monomer&* on the concentration of the cyclic species formed.
Whether one would like to prevent cyclization as much as

(10) Yang, J.; Marendaz, J.-L.; Geib, S. J.; Hamilton, ATBtrahedron Lett. synpentane interactions, or 1,3-allylic strain. We have used his
1994 35, 3665-3668. . .

(11) Bielejewska, A. G.. Marjo, C. E.: Prins, L. J. Timmerman, P.: de Jong, approach to (1) study the conformational effect of substituents
F.; Reinhoudt, D. NJ. Am. Chem. So@001, 123 7518-7533. by X-ray diffraction analysis of carboxylic acid model com-

(12) gf&d S.; Boileau, S.; Bouteiller, IMacromolecules200Q 33, 8479 pounds, and (2) ana|yze the equilibrium between cyclic and

(13) Vermonden, T.; Van der Gucht, J.; De Waard, P.; Marcelis, A. T. M.; linear assemblies of different UPy derivatives quantitatively in
Besseling, N. A. M.; SudHhter, E. J. R.; Fleer, G. J.; Stuart, M. A. C. : [ :
Macromclecule003 36, 7035-7044. solution by concentration erendent' wscometry &H(NMR.
(14) Yamaguchi, N.; Gibson, H. WChem. CommuriL999 789-790. Gibson, spectroscopy. By performing a detailed analysis of the—ing

H. W.; yamaguchi, N.; Jones, J. W. Am. Chem. S0@003 125 3522 chain equilibrium of different UPy monomers, we aimed to gain

3533.
(15) Beijer, F. H.; Sijpbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E.JV. a better understanding of the correlation between monomer
Am. Chem. Socl998 120, 6761-6769.
(16) Santjens, S. H. M.; Sijbesma, R. P.; van Genderen, M. H. P.; Meijer, E.
W. J. Am. Chem. So@00Q 122 7487-7493. (20) Jacobson, H.; Stockmayer, W. Bl. Chem. Phys195Q 18, 1600-1606.
(17) Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, (21) Ercolani, G.; Mandolini, L.; Mencarelli, P.; Roelens, JSAm. Chem. Soc.
)

J. H. K. K.; Lange, R. F. M.; Lowe, J. K. L.; Meijer, E. W&ciencel997, 1993 115, 3901-3908.

278 1601-1604. (22) Saontjens, S. H. M.; Sijbesma, R. P.; van Genderen, M. H. P.; Meijer, E.
(18) Folmer, B. J. B.; Sijbesma, R. P.; Meijer, E. W.Am. Chem. So2001 W. Macromolecule2001, 34, 3815-3818.

123 2093-2094. (23) (a) Gatlich, R.; Kahrs, B. C.; Krger, J.; Hoffmann, R. WChem. Commun.
(19) Folmer, B. J. B.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E. 1997 247-251. (b) Hoffmann, R. WAngew. Chem., Int. E®200Q 39,

W. J. Am. Chem. S0d.999 121, 9001-9007. 2055-2070.
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Scheme 1. Synthetic Strategies for the Preparation of UPy Derivatives
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Scheme 2. Synthesis of Various Linker Precursors?
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10:n=3,R1=CH,
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a(a) i-PrNLi, THF, 0 °C; (b) EtOCOCI, EsN, THF, 0°C; (c) NaNs, Hz0, 0°C; (d) toluene, 90C; (e)t-BuOH, tBuOLi, 90 °C; (f) TFA, CH:Cl; (g)

HCI, toluene, HO, 60°C.

configuration, conformation, and cyclization, which allows

bis(trifluoroacetate) salt in 45% vyield by reaction B3 with

tuning of the critical concentration and the design of responsive tert-butyl alcohol and subsequent deprotection using trifluoro-

materials based on reversibly cyclizing UPy derivatives.
Results

Synthesis?* A set of six different supramolecular monomers

acetic acid. Diaminél7 was prepared by direct hydrolysis of

14 using hydrochloric acid and was obtained as pure bis-

hydrochloride salt in 88% yield by precipitation in diethyl ether.
UPy derivative and3 were synthesized as a diastereomeric

was selected for this study, to investigate both the effect of the mixture via strategy | starting from precursbt. Flash column

substitution pattern and the length of the linker moiety on
conformational preference and ringhain equilibrium (Scheme
1). UPy derivativesl—6 were synthesized via two different
routes: either by reaction of alkyl diisocyanates with 6-tridecyl-
isocytosine (strategy 1) or by reaction of alkyl diamines with
an “activated” 6-tridecylisocytosine (strategy Il). Although

chromatography yielded both pure products (overall yields 19%
and 5%) as well as a mixed fraction (40%). MonomMewas
also prepared according to strategy | (50% yield), while
compoundsl, 5, and6 were obtained via strategy Il in 60%,
92%, and 89% yield, respectively. All monomers were carefully
purified by flash column chromatography and subsequent

strategy Il requires more synthetic steps, it was found to be the precipitation in acetone or ethyl acetate and characterized by
preferred method, due to both the ease of purification of the *H and'3C NMR spectroscopy, as well as by MALDI-TOF or
intermediate products and the milder reaction conditions that ESI mass spectroscopy.
minimize side reaction®. X-ray Crystal Structure Analysis. Diacid precursor8§—10
Diacid model compounds and precursors for the linker were used as model compounds to study the effect of the methyl
moieties {—10) were synthesized by reaction of propionic acid substitution on the conformation of the molecules. Similar to
or isobutyric acid witho,w-dibromoalkane® (Scheme 2) and  the UPy derivatives, these compounds can dimerize by hydrogen
were obtained pure after recrystallization from ethyl acetate/ bonding through their carboxylic end groups and form cyclic
hexane (yields 62100%). Diisocyanate analogug$—14 were as well as linear aggregates. After synthesis, single crystals
prepared from the diacid compounds by reaction with sodium suitable for X-ray analysis were obtained by slow diffusion of
azide and subsequent Curtius rearrangement. Prodicad hexane vapor into ethyl acetate solutioBs(0d10) or ethanol
12 were isolated in 70% and 76% vyield, respectively. Com- solutions @) of the diacids. Determined crystal structures8pf
poundsl3and14were not isolated, but were directly converted 9, and10 (Figure 2) were compared to the crystal structures of
into the corresponding diamines. Proddéwas obtained as  their unsubstituted analogues (Figure 3), described by Thalladi
et al2” For all compounds, association by hydrogen bonding is
(24) Detailed synthetic procedures and characterization of the different com- gphserved in the solid state. However. while the unsubstituted
pounds are given in the Supporting Information. !

(25) Keizer, H. M.; Sijbesma, R. P.; Meijer, E. \Bur. J. Org. Chem2004
accepted for publication.

(26) Creger, P. LJ. Am. Chem. Sod.967, 89, 2500-2501.
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Figure 4. Cyclic dimers in crystals 018.28

Figure 2. Crystal structures d8 (top left), 9 (bottom), andlLO (top right).

Figure 3. Crystal structures of unsubstituted pimelic acid (top), suberic T r T T
acid (middle), and azelaic acid (bottoAf). 6.0 5.8 5.6 54 5.2

3 (ppm)

Figure 5. Part of the!H NMR spectrum of4 at 5 mM (top) and 300 mM
(bottom) in CDC4.

molecules are in an all-trans conformation and form infinite

linear hydrogen-bonded chains through carboxylic acid dimers,

methyl substitution of the alkyl linkers i8, 9, and 10 results

in a preferred conformation in which one of the methyl groups |acking the long tails on the pyrimidinone ring (Figure?8).

on each side of the molecule is in the trans position with respect One of the methyl groups is arranged trans relative to the linker,

to the rest of the linker and the carboxylic acid end groups are and the hydrogen-bonding units are again placed in a parallel

placed perpendicular to the linker. position. The obtained conformation induces the formation of
In 8 and 10, which contain an odd number of carbon atoms a cyclic dimer, which is proposed to be stabilized further by

in the linker moiety, this leads to a parallel arrangement of the stacking interactions between the pyrimidinone rings, leading

carboxylic end groups, promoting the formation of hydrogen- to some bending of the UPy units.

bonded cyclic dimers. Derivativ® forms long chains by IH NMR Spectroscopy of UPy Derivatives.Ring—chain

hydrogen bonding as a result of the even number of carbon equilibria of supramolecular monomets-6 were studied in

atoms between the end groups. The difference in molecular chloroformd; solution. The presence of different hydrogen-

structure between the odd and even diacids was also reflectechonded assemblies was established#NMR spectroscopy,

in the solubility of the compounds. Whikand10 could easily as the assemblies give rise to small changes in chemical shift

be dissolved in various organic solvents such as ethyl acetatefor the UPy proton signals:1922.2%Figure 5 shows part of the

and chloroform, compour@was only sparingly soluble inthose  H NMR spectrum o# at 5 and 300 mM in CDGJ containing

solvents. Only by addition of hydrogen-bond competing solvents the signals of the pyrimidinone alkylidene proton between 5

such as ethanol or dimethyl sulfoxide could concentrated and 6 ppm. At 5 mM, two major peaks of equal intensity were

solutions be obtained. observed at 5.83 and 5.33 ppm. These signals were assumed to
A similar conformation of the linker was observed in the originate from an asymmetric cyclic dimer in which one part

crystal structure ofl8, which is an analogue of monomér

(28) ten Cate, A. T.; Dankers, P. Y. W.; Kooijman, H.; Spek, A. L.; Sijbesma,
R. P.; Meijer, E. W.J. Am. Chem. So2003 125 6860-6861.

(27) Thalladi, V. R.; Nsse, M.; Boese, Rl. Am. Chem. So200Q 122, 9227 (29) ten Cate, A. T.; Sijbesma, R. P.; Meijer, E. Wolym. Prepr.2002 43,
9236. 333-334.
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Figure 6. Partial concentrations of linear polymers (blue), cyclic dimers CDCls solution, calculated fromH NMR spectra (3-10 ppm range).
(black), and the total of all cyclic assemblies (red), calculated for a

hypothetical system of equilibrating UPy assembfie€C is defined as = tha concentration of the different assemblies is expressed as
the critical concentration of all cyclic assemblies, and EDC is defined as

the maximum concentration of monomer in cyclic dimers divided by 2. the amount of monomer present in certain aggregates (partial
monomer concentration). The critical concentration (CC) of the
of each monomer is the 4[1H]-pyrimidinone tautomer and the system is indicated as the concentration where the amount of
other half is the pyrimidin-4-ol tautomer. A similar structure all cyclic species (dimers and others) reaches a maximum and
has been found for a bifunctional UPy derivative based on a also as the maximum partial monomer concentration for all
m-xylylene linker!® The presence of substantial amounts of enol cyclic assemblies. In this system, a value of 0.19 M is obtained,
tautomer in dilute solutions oft was confirmed by FTIR depending on the choice of cyclization constants. The equilib-
spectroscopyy = 2595 (w), 2519 (w), 1612 (s) cr). rium cyclic dimer concentration (EDC) is defined as the
At concentrations well above 100 mM, an additional broad Maximum concentration of monomer in cyclic dimers divided
peak was present at 5.76 ppm, corresponding to a differentby 2 (the number of monomers in a cyclic dimer), yielding a
hydrogen-bonded assembhd NMR diffusion measurements ~ value of 0.06 M for the selected system.
demonstrated that this aggregate has a much lower diffusion As it is possible to distinguish between cyclic dimers and
coefficient. Therefore, the peak at 5.76 ppm was assigned toother assemblies of the UPy derivatives'syNMR spectros-
polymeric aggregates in equilibrium with the cyclic dimers. copy, we used this technique to determine the CC and EDC of
Comparable concentration-dependent effects were observed fothe different monomers. Partial concentrations of monomer
peaks corresponding to the other UPy protons of monafner  present in cyclic dimers were determined by integration of the
Monomersl, 2, 3, 5, and6 were investigated in a similar ~ corresponding peaks in thel NMR spectra. For each monomer,
manner. Based on concentration-dependeniMR spectros- one of the UPy protons was selected for which the overlap of
copy and'H NMR diffusion experiments, monomefs 3, 5, the peaks was minimal, and, additionally, deconvolution was
and 6 were also found to form mixtures of small cyclic and used to determine peak areas accurately.
large polymeric aggregates in chloroform solution. Because Partial monomer concentrations of cyclic dimers 4f
molecular models showed that the molecules could not form calculated from the signals of one of the urea protons (between
cyclic monomers and because two-fold symmetry was again 9 and 10 ppm), are plotted against the total monomer concentra-
observed for some of the cyclic species, cyclic dimers were tion in Figure 7. While at low concentrations cyclic dimers are
assumed to be the predominant cyclic species in all cases. Twothe predominant species in solution, the amount of monomer
different tautomeric forms of cyclic dimers were detected in present in cyclic dimers becomes constant upon increasing the
CDCl; solutions of3, in a concentration-independent ratio. For concentration above 160 mM, and other assemblies are being
compound2, only one set of signals was observed for the UPy formed, confirming the existence of a critical concentration. On
protons over the entire concentration range 380 mM), indi- the basis of the results displayed in Figure 7, the CC of monomer
cating that2 is present in solution as a single type of hydrogen- 4 was estimated at 13& 10 mM, and the EDC was be
bonded assembly, which was assigned to be a cyclic dimer ondetermined to be 48 1 mM.

the basis of its relatively high diffusion coefficient. Moreover, EDCs and CCs of monomets2, 3, 5, and6 were evaluated
cyclic dimerization was found to occur enantioselectively, both in a manner similar to that described above, and the results are
in chloroform solution as well as in racemic crystéls. presented in Figure 9. As no evidence of polymeric aggregates

Critical Concentration. As stated before, the high association in solutions of2 was found in the concentration range studied,
constant of the UPy derivatives allows for the occurrence of a the EDC for monome@ was assumed to be above 150 mM,
critical concentration. A corresponding theoretical distribiflon  and the CC was assumed to be above 300 mM. The EDC
of cyclic and linear products in a hypothetical system of obtained for monome3 is the sum for the two tautomeric cyclic
equilibrating UPy assemblies is plotted in Figure 6. In this plot, dimers. Due to strong overlap between different peaks in the

. : — - 'H NMR spectra of6, determination of an accurate EDC and
(30) Calcuations ;’gﬁifsb;i?t‘r’a‘r’i?yﬁﬁxsE‘j\i“gde',[‘A;iK%%éa i CC for this monomer proved difficult. Between 5 and 200 mM,
0.15i52, no changes for the UPy protons were observed iftthBIMR

J. AM. CHEM. SOC. = VOL. 126, NO. 12, 2004 3805
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Figure 10. Specific viscosity of chloroform solutions df 2, 4, 5, and6
versus the concentration (293 K).

a conformational bias toward cyclization by substitution.
Moreover, the ring-chain equilibrium is highly dependent on
” the exact pattern of substitution. Wh2rand3 are compared,

a ./ '-| | JL,.J \ the reversal of just one stereocenter in the linker moiety leads
= Py i 3 to an increase in CC and EDC by at least a factor-698
Comparing monomerd—6, we can conclude that variation

in the length of the linker moiety leads to an etelven effect

Figure 8. Part of the!H NMR spectrum of6 at 5 mM (a), 182 mM (b), in the preference for cyclization. High EDCs were observed

295 mM (c), all at 298 K, and 295 mM at 318 K (d); arrows indicate signals {or monomerst and6, while the EDC for5 is much lower. In

corresponding to polymeric aggregates. other words, monomes is less inclined to form a hydrogen-

bonded cyclic dimer, due to its even number of linker atoms.

The factor of 2 difference observed in EDCs of mononers

1300 and6 coincides with a strong difference in the tautomeric form

of the UPy moiety; while monomet primarily forms asym-

metric cyclic dimers containing both 4[1H]-pyrimidinone and
pyrimidin-4-ol tautomers5 is present in its cyclic dimers almost
exclusively as the 4[1H]-pyrimidinone tautomer.

Viscometry. A characteristic property of polymeric structures,
which distinguishes them from small cycles, is their relatively
T 100 high solution viscosity. Specific viscosities of UPy derivatives
1-6 in chloroform were measured as a function of concentra-
tion. A double logarithmic representation of the data is given
in Figure 10. Toward low concentration, all curves approach a

5 (ppm)

150+

100+ T 200

EDC (mM)
CC (mM)

50+

3 4 5 6 slope of around 1, demonstrating a linear relation between

monomer specific viscosity and concentration, which is characteristic for
Figure 9. Equilibrium cyclic dimer concentrations (EDC, gray, left axis) noninteracting assemplles_of cons_tant_ size. Thege results confirm
and critical concentrations (CC, white, right axis) of UPy derivatite$ the presence of cyclic dimers in dilute solutions. Upon an
in CDCl; solution, as determined by4 NMR analysis. increase in the concentration, a sharp rise in the viscosity is

observed for some of the compounds. The stronger concentration
spectra. In more concentrated solutions (and even more pro-dependence (slopes of 2.8 and 3.0 were found for compounds
nounced at elevated temperatures), the spectra broadened angd and 5, respectively) indicates the formation of entangled
small shoulders could be observed next to the signals of the polymers of increasing size.
UPy protons (Figure 8), indicating the formation of polymeric  From Figure 10, critical concentrations were determined from
assemblies. By deconvolution of thd NMR spectrum at 295 the onset of the steeper plots, yielding values of 18 and 33 mM
mM, the EDC was estimated at 11 20 mM. Due to the  for 1 and5, respectively. Solutions o and 4 remained low
broadness and overlap of the different peaks, the obtained valugjiscous up to 100 mM, denoting critical concentrations above
is less accurate than that of the other monomers, reflected in100 mM. For compound, a deviation from linear behavior
the relatively large error. was observed around 200 mM, indicating that the critical

From Figure 9, it is clear that methyl substitution strongly concentration lies in this range.

influences the tendency toward cyclization of the UPy deriva-
tives. Methyl-substituted monomets 3, and 4 display an
increase in EDC and CC with respect to the unsubstituted UsingH NMR spectroscopy and viscometry, we were able
analoguel, completely in line with the hypothesis of introducing  to study the ring-chain equilibria of supramolecular monomers

Discussion and Conclusions
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Table 1. Crystallographic Data for Crystal Structure Determinations of 8, 9, and 10

compound 8 9 10
Crystal Data
formula Gi1H2004 C1oH2:04 C13H2404
molecular weight 216.27 230.30 244.32
crystal system monoclinic monoclinic monoclinic
space group P2;/c (No. 14) P2;/c (No. 14) P2;/c (No. 14)
a A 9.9354(10) 6.1700(9) 12.488(2)
b, A 11.882(2) 9.9686(15) 11.018(2)
c, A 12.041(2) 12.025(3) 11.207(2)
p, deg 115.247(11) 118.864(16) 112.319(10)
vV, A3 1285.7(4) 647.7(2) 1426.5(4)
Deale g €T3 1.117 1.181 1.138
z 4 2 4
F(000) 472 252 536
u (Mo Ka), cm™3 0.084 0.087 0.083
crystal size, mm 0.%0.2x 0.4 0.08x 0.20x 0.25 0.2x 0.2x 0.4
Data Collection
X-ray exposure, h 3.4 3.4 2.8
Omin, Omax deg 16,274 1.0,27.6 16,275
data setlkl) —12:12,—15:15,—-15:15 —8:7,—12:12,—-15:15 —16:16,—13:14,—14:14
total data 25681 10524 24532
total unique data 2920 1483 3264
Rint 0.0336 0.1211 0.0394
Refinement

no. of refined params 196 78 226
final R12 0.0356 [2530 > 20(1)] 0.0540 [829 > 20(l)] 0.0359 [2759 > 20(])]
final WR2® 0.0911 0.1380 0.0919
goodness of fit 1.072 1.011 1.062
wte 0?(F?) + (0.04(P)%+ 0.3CP 0?(F?) + (0.0654)? 0(F?) + (0.035@P)%+ 0.4CP
min. and max. residual density, e A —0.24,0.25 —0.20,0.22 —0.20,0.25

AR1 = Y||Fo| — [Fell/Y[Fol. PWR2 = [F[W(Fe? — FAA/T[W(Fo?)F]*2 ¢ P = (max(Fo?,0) + 2FA)/3.

1-6 in chloroform solution. The equilibria were characterized erence of the linker, as well as the preferred relative orientation
in terms of equilibrium cyclic dimer concentrations, which give of UPy groups in either of the tautomeric forms observed.
information on the selective preorganization toward cyclic Whereas the former preference may be predicted using the rules
dimers by substituent effects, and critical concentrations, set out by Hoffmann, the latter requires a detailed computational
representing the onset of polymerization. Values obtained for study.
CCs byH NMR spectroscopy and viscometry are in very good  Another important result is the observation of an eégen
agreement. EDCs have only been determined!tdyNMR effect in the critical concentration of monome¥s6, which is
spectroscopy, as this technique distinguishes between cyclicagain consistent with the analysis of corresponding model
dimers and other hydrogen-bonded aggregates due to smalcompounds8—10: while even-membered diaciwas found
differences in chemical shift for the UPy protons. A strong to crystallize into linear hydrogen-bonded chains, odd-mem-
correspondence exists between the CC and EDC of individual bered derivative8 and 10 form hydrogen-bonded cyclic di-
monomers, as is clear from Figure 9, and both parameters cammers in the solid state. This effect originates from the re-
be used to compare different monomers. quirement of two hydrogen-bonding units facing the same
Results obtained for monomets-4 show that substitution  direction to form a cyclic assembly. The remarkable difference
of the alkyl linkers with methyl groups next to the UPy moieties in critical concentration between monometsand 6 again
strongly increases the concentration of cyclic dimer formed in emphasizes the importance of tautomerism and stacking inter-
solution. Although crystal structures cannot be interpreted as aactions on the stability of cyclic dimers of different UPy
direct reflection of conformational preference in solution, the derivatives.
X-ray crystal structure analyses of model compousdd, and The conformational preference of the monomer induced by
18 strongly support the hypothesis that methyl substituents substituents, combined with stacking interactions between
promote conformations in which the hydrogen-bonding groups neighboring UPy groups, results in a very high stability of the
are oriented more or less perpendicular to the linker moiety. hydrogen-bonded cyclic dimers, which contributes to the
This in turn will lead to an increased preference for cyclic sharpness of the rirgchain transition in these systems. This
dimerization. In concentrated solutions ®and4, significant study provides new insight into the relation between monomer
amounts of polymeric assemblies are formed, demonstrating thatconfiguration, conformation, and cyclization equilibria for
the conformational preference induced by the substituents doesbifunctional UPy derivatives. By choosing the desired substitu-
not fully exclude conformations leading to linear association, tion pattern and length of the linker moiety, it is possible to
in agreement with the results of Hoffmann efalComplete tune the critical concentration over a broad concentration range.
explanation of the differences in CC and EDC among the Furthermore, the results may offer valuable information for the
methyl-substituted compounds, for example, the more than study of other (covalent as well as noncovalent) fiehain
8-fold difference betweef and 3, is difficult, and a detailed transitions as well as for the design of helical polymers, fold-
analysis should take into account the conformational pref- amers, and tunable materials.
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Experimental Section NMR Spectroscopy.'H NMR spectra were recorded on a Varian
Inova 500, Varian Mercury Vx 400, or Varian Gemini 300 spectrometer.
Chemical shifts are reported in ppm downfield of TMS. Deconvolution
of overlapping peaks was performed using routines incorporated in the
VNMR software.

Viscometry. Solution viscosities were measured using Schott-®era
Ubbelohde microviscometers with a suspended level bulb in automated
setups with Schott-Géte AVS/S measurement tripods and AVS 350
measurement devices. The microviscometers were thermostated in a
water bath. Samples were filtered oveurs filters before measurement.

Materials. Details of the synthesis and characterization of monomers
1-6 are given in the Supporting Information. Chloroform (AR) and
deuterated chloroform used in NMR spectroscopy and viscometry
experiments were obtained from Biosolve and Cambridge Isotope
Laboratories, respectively, and were used as received.

Single-Crystal X-ray Structure Analyses. Pertinent data for the
structure determinations are given in Table 1. Data were collected at
150 K on a Nonius KappaCCD diffractometer on rotating anode
(graphite monochromated Mo K radiation,A = 0.71073 A). The
unit-cell parameters were checked for the presence of higher lattice  Acknowledgment. This work was supported by the Council
symmetry?” Structures were solved with direct methods using for the Chemical Sciences of the Netherlands Organization for
SHELXS862 and were refined off using SHELXL-97% No ob- Scientific Research (CW-NWO). We thank J. L. J. van Dongen

servance criterion was applied during refinement. For comp@)nd for ESI-MS and MALDI-TOF/MS measurements and H. Edin
the hydrogen atoms bonded to carbon were included in the refinementfor elemental analyses ' g

on calculated positions riding on their carrier atoms. The methyl groups
of 9 were allowed to rotate along the-© bond. The carboxylic acid Supporting Information Available: - Synthetic procedures and
hydrogen atoms d and all hydrogen atoms @and10were located oo cterization of all new compounds: further details of the
on difference Fourier maps, and their coordinates were included as structure determinations of compourgls9, and10, including

parameters in the refinement. The non-hydrogen atoms of all of the tomi dinat d disol t t . tal
structures were refined with anisotropic displacement parameters. The@lOMIC coordinates and displacement parameters in crystal-

hydrogen atoms were refined with a fixed isotropic displacement lographic information format (CIF); displacement ellipsoid plots
parameter linked to the value of the equivalent isotropic displacement for compounds, 9, and10 (PDF). This material is available
parameter of their carrier atoms. Neutral atom scattering factors and free of charge via the Internet at http://pubs.acs.org.
anomalous dispersion corrections were taken from the International JA039408X

Tables for Crystallographst.Validation, geometrical calculations, and
illustrations were performed with PLATOR.
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