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The creation of complex molecular architectures is 
critical to the development of new materials and su- 
pramolecular assemblies.' Hydrogen bonding2 is par- 
ticularly attractive for the creation of structured assem- 
blies of molecules because arrays of hydrogen-bond 
donors and acceptors can be designed to induce self- 
assembly. Most hydrogen-bonded dimers (lactams, 
amides, carboxylic acids, nucleic acids, etc.) involve cyclic 
arrays of eight atoms. In this paper we report a 
hydrogen-bonded dimer involving an unprecedented 16- 
membered ring. 

While studying various (2-cyanoethy1)urea  derivative^,^ 
we observed that N,N-bis(2-cyanoethyl)-N'-phenylurea4 
(la) exhibits unusually low solubility (2 mM in CHC13 
at  20 "C) and a relatively high melting point (158-159 
"C). In contrast, NJV-diethyl-W-phenyl~rea~~ (2a) is 
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highly soluble in chloroform (3 M) and melts a t  86-87 
"C. In chloroform solution, urea l a  self-associates through 
intermolecular hydrogen bonding to a much greater 
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degree than urea 2a. In the 'H NMR spectrum, the NH 
resonance of l a  appears a t  6.57 ppm at  1 mM in CDCl3, 
but shifts to 6.72 ppm in a 20 mM supersaturated 
solution. At these concentrations, the NH resonance of 
urea 2a is invariant (6.24 ppm). In the infrared spec- 
trum, a 20 mM CHC13 solution of urea l a  exhibits a free 
NH stretching band at  3442 cm-' and a hydrogen-bonded 
NH stretching band at  ca. 3390 cm-'. The hydrogen- 
bonded band is similar in position to the NH stretch of 
l a  in acetonitrile (a single band at  3392 cm-'1, suggesting 
that this band arises from intermolecular hydrogen 
bonding of the NH group to a nitrile group. Urea 2a only 
exhibits a free NH stretching band (3464 cm-') in 20 mM 
CHCl3 solution. At higher concentrations ( 2  100 mM) 2a 
also displays a hydrogen-bonded NH band at 3350 cm-', 
which results from intermolecular hydrogen bonding 
between urea groups. The relatively large shift in 
frequency that occurs when 2a dimerizes (ca. 110 cm-') 
and small shift in frequency that occurs when l a  dimer- 
izes (ca. 50 cm-') indicate that different modes of 
hydrogen bonding are involved. 

Urea lb5 was used for further solution-phase spectro- 
scopic studies, because it is considerably more soluble in 
chloroform than la.  In the infrared spectrum, l b  shows 
modest self-association a t  10 mM and substantial self- 
association at  50 mM (Figure la,b). In contrast, urea 
2b3b shows no self-association at  10 mM, but exhibits a 
small hydrogen-bonded NH peak a t  50 mM and a 
substantial hydrogen-bonded NH peak at  600 mM (Fig- 
ure lc,d). 'H NMR studies provide additional evidence 
for the greater propensity of urea l b  to self-associate. 
As the concentration of l b  is increased from 0 to 100 mM, 
the NH resonance shifts downfield by 0.45 ppm (Figure 
2). Over the same range of concentrations, the NH 
resonance of 2b only shifts downfield by 0.09 ppm. From 
these data, we estimate ureas 1 to self-associate with an 
association constant of 3 M-le6*' This association constant 
is about 1 order of magnitude greater than that of ureas 
2 and is comparable to that of simple lactams.8 

X-ray crystallography offers an explanation for the 
unusual properties of ureas l a  and lb.15 Urea l a  
crystallizes as a hydrogen-bonded dimer (3)) in which the 
nitrile groups and urea groups of two molecules hydrogen 
bond to form a 16-membered ring (Figure 3). The 
hydrogen bonds are slightly longer (Nz-Nd,, Nza-N4 = 
3.26 A) than typical hydrogen bonds between nitriles and 
amides (generally 3.0-3.1 A, as  indicated by a survey of 
the Cambridge Structural Database). The nitrile groups 
of the dimer are in close contact (C13-N4a9 C13a-N4 = 
3.388 A), and electrostatic interactions between these 
groups may further stabilize the dimer. These hydrogen- 

(4) Urea la was prepared by reaction of 3,3'-iminodipropionitrile 
with phenyl isocyanate in CHzClp, isolation of the resulting precipitate 
by filtration, and recrystallization from CHzClz: mp 158-159 "C; IR 
(CHC13) 3442, 2252, 1680, 1599 cm-l; 'H NMR (300 MHz, CDC13) 6 
7.35-7.26 (m, 5 HI, 6.68 ( 6 ,  1 HI; 3.73 (t, J = 6.4 Hz, 4 H), 2.76 (t, J 
= 6.4 Hz, 4 H). 

(5) Urea lb was prepared by reaction of 3,3'-iminodipropionitrile 
with methyl isocyanate in CH2C12, followed by chromatographic 
purification of the resulting product: mp 62-63 "C; IR (CHC13) 3481, 
2253, 1659, 1527 cm-*; lH NMR (500 MHz, CDC13) b 4.81 (appar d, J 
=3.8Hz,lH),3.63(t,J=6.5Hz,4H),2.82(d,J=4.5Hz,3H),2.70 
(t, J = 6.5 Hz, 4 H). 
(6) Connors, K. A. Binding Constants: The Measurement of Molec- 
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higher aggregates) limits the accuracy with which Kdlmrnratlan can be 
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Figure 1. Infrared spectra (3200-3600 cm-l) of ureas lb and 2b in CHC13. (a) lb (10 mM, 1.0 mm pathlength): 3481, 3430 
cm-l (weak). (b) lb (50 mM, 1.0 mm pathlength): 3481,3425 cm-l. (c) 2b (50 mM, 1.0 mm pathlength): 3487,3394 cm-l (weak). 
(d) 2b (600 mM, 0.10 mm pathlength): 3487, 3380 cm-l. Spectra were recorded at 295 K against a CHC13 reference and are not 
base line corrected. 
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Figure 2. 'H NMR chemical shifts of NH groups of ureas lb 
and 2b in CDC13 solution as a function of concentration. The 
curves are dimerization isotherms (Ib: bmonomer = 4.535 ppm, 

ppm, bdimer = 6.017 ppm, Kdimerization = 0.3 M-'). For details, 
see ref 6. Data was collected on a 500 MHz 'H NMR instru- 
ment at 293 K. 

bdimer = 6.055 ppm, Kdimerization = 3 M-l; 2b: &"Omel = 4.240 

bonding and electrostatic interactions are not available 
to trisubstituted ureas lacking cyanoalkyl groups, which 
form hydrogen-bonded chains in the crystal l a t t i ~ e . ~  That 
ureas 1 preferentially form dimers 3 is surprising, 
because nitriles are weaker hydrogen-bond acceptors 
than ureas,l0J1 yet in most crystals the strongest hydro- 
gen bond donors and acceptors form intermolecular 
hydrogen bonds.lbId Apparently, the two hydrogen bonds 
of the dimer are stronger than a single hydrogen bond 
between two urea groups. Even though a 16-membered 

(9) For examples, see: Lewis, R. J.; Camilleri, P.; Kirby, A. J.; 
Marby, C. A.; Slawin, A. A.; Williams, D. J. J. Chem. SOC., Perkin 
Trans. 2 1991, 1625, and corresponding X-ray crystallographic data 
in the Cambridge Structural Database. 
(10) (a) Berthelot, M.; Helbert, M.; Laurence, C.; Le Questel, J.-Y. 

J. Phys. Org. Chem. 1993, 6, 302. (b) Le Questel, J.-Y.; Laurence, C.; 
Lachkar, A.; Helbert, M.; Berthelot, M. J. Chem. SOC., Perkin Trans. 
2 1992,2091. 

(11) (a)  Abraham, M. H.; Greillier, P. L.; Prior, D. V.; Taft, R. W.; 
Morris, J. J.; Taylor, P. J.; Laurence, C.; Berthelot, M.; Doherty, R. 
M.; Kamlet, M. J.; Abboud, J.-L. M.; Sraidi, K.; Guiheneuf, G. J. Am. 
Chem. SOC. 1988,110,8534. (b) Abraham, M. H.; Grellier, P.  L.; Prior, 
D. V.; Morris, J. J.; Taylor, P. J. J .  Chem. SOC., Perkin Trans. 2 1990, 
521. 
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Figure 3. X-ray crystal structure of urea la illustrating the 
hydrogen-bonded dimeric structure.15 

ring is formed, rotational freedom is only lost for about 
four bonds (Ni-Cii, Nla-Clla, C11-Ci2, and Clla-ClZa) 
upon dimerization. In contrast to hydrogen-bonded 
dimers involving eight-membered rings (e.g., lactams), 
no unfavorable Jorgensen secondary interactions occur 
between the hydrogen-bonding groups in dimer 3 because 
the hydrogen-bond donor and acceptor groups are sepa- 
rated.12 

To our knowledge, this type of hydrogen-bonded dimer 
has not been noted previously. A survey of the Cam- 
bridge Structural Database reveals a related pattern of 
hydrogen bonding in 3-amino-3-chloro-2-cyanoacrylic acid 
anilide13 and N-(2-furylmethyl)-a-cyanofuranacrylamide, l4 

(12) Jorgensen, W. L.; Pranata, J .  J .  Am. Chem. SOC. 1990, 112, 

(13) Block, H. D.; Lbckenhoff, H.-D.; Allmann, R. Cryst. Struct. 

(14) Durruthy, 0.; Pomes, R.; Fajardo, F.; Dago, A. Acta Crystallogr., 

2008. 

Commun. 1975,4, 77. 

Sect. C 1993, 49, 558. 
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which form dimers 4 and 5 in the solid state. The dimers 

4 5 

comprise 12-membered rings in which nitrile and amide 
groups are hydrogen bonded. The distance between the 
nitrile and amide nitrogens in these dimers is 3.140 and 
3.108 A, respectively. The dimeric structures of 3-5 

(15) The authors have deposited atomic coordinates for la with the 
Cambridge Crystallographic Data Centre. The coordinates can be 
obtained, on request, from the Director, Cambridge Crystallographic 
Data Centre, 12 Union Road, Cambridge, CB2 lEZ, UK. 

Notes 

suggest that the formation of macrocyclic hydrogen- 
bonded dimers involving nitriles and ureas or amides 
may be a general phenomenon. We anticipate that 
interactions of this sor t  may be useful for the creation of 
supramolecular architectures. 
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