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DNA, giving the same monofunctional adduct 3a as the parent 
drug MC. However, DMC, unlike the parent drug MC, is ap­
parently not capable of formation of the cross-link adduct 4. 
Evidently, expulsion of the C-IO" hydroxyl group of DMC, re­
quired for formation of 4, via intermediate 9 would be much less 
favorable than expulsion of the C-IO" carbamate from MC 
(Scheme II). Lack of DNA-cross-linking ability of DMC has 
been noted by others previously in vitro31 as well as in vivo.29"31 

635. 

(29) Otsuji, N.; Murayama, I. J. Bacterial. 1972, 109, 475. 
(30) Fujiwara, Y.; Tatsumi, M.; Sasaki, M. S. J. MoI. Biol. 1977, 113, 

It should be interesting to compare the conformational and 
functional effects of the two drugs on DNA, in light of their 
differential covalent effects as shown by the present report. 
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We have shown that intermolecular hydrogen bond patterns 
and molecular aggregate configurations of organic molecules can 
be controlled by the number and position of their hydrogen-
bonding functional groups' since all the proton donors and ac­
ceptors are usually incorporated into the hydrogen bond network 
in the solid state.2 Guest donors or acceptors are also incorporated 
if they compete with and displace the "normal" hydrogen bonding 
groups of the uncomplexed molecule. For example, triphenyl-
phosphine oxide (TPPO), with one good proton acceptor (the 
phosphoryl group), complexes with amides, sulfonamides, and 
phenols and replaces the "normal" acceptor group of the host 
molecule.3 This complexation process is a model for molecular 
recognition based on selective hydrogen bond interactions. It is 
also a useful way to design new solid-state materials since host 
molecules can be forced into many different solid-state environ­
ments by cocrystallizing them with different proton donor mol­
ecules. 

Diaryl ureas contain one proton acceptor (the carbonyl group) 
and two N-H proton donors so their "normal" or expected hy­
drogen bond pattern is a chain of molecules with the urea carbonyl 
oxygen positioned between and bonding to both urea protons of 
a neighboring molecule, as found in the crystal structure of N,-
W-diphenylurea.4 We have found that guest acceptors will 
cocrystallize with l,3-bis(w-nitrophenyl)urea, 1, through hydrogen 
bonding between the N-H urea protons and the acceptor group 
of the guest which displaces the urea carbonyl groups in the 
hydrogen bond network. Even though urea carbonyl groups are 
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Figure 1. Diaryl ureas that form cocrystals with proton acceptors are 
shown in the left-hand column; those that do not, in the right-hand 
column. 

reported to be reasonably good acceptors,5 we find that nearly 
any acceptor is better than the carbonyl group in 1. Compound 
1 is a rare example of an organic molecule that behaves only as 
an intermolecular proton donor and not as an intermolecular 
proton acceptor.6 

Urea 1 has been reported previously to exist in three poly­
morphic forms (all obtained from ethanol solution).7 When 1 
is crystallized from solvents that are only proton acceptors, like 
acetone, THF, or DMSO, the crystals that form are cocrystal 
solvates of high quality, although they slowly turn cloudy when 
removed from the mother liquor. Likewise, when 1 is crystallized 
from solutions containing a third component which is a proton 
acceptor, like TPPO, AyV'-dimethyl-p-nitroaniline, or diethylene 
glycol, good quality cocrystals are also readily obtained.8 

Through a combination of melting point, IR, NMR, and X-ray 
crystallographic techniques we have shown that 1 forms 1:1 co-
crystals with a wide variety of proton acceptors to give complexes 
as shown.9 The carbonyl stretching frequency of 1 varies from 
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1660 cm"' for one of its homogeneous polymorphs (where there 
is no guest molecule) to 1720 cm"1 for a 1:1 solid-state complex 
of 1 with THF. Single-crystal X-ray structures done on the THF 
cocrystal 2 and related cocrystals where the acceptor component 
is Af,A'-dimethyl-p-nitroaniline (3), diethyleneglycol (4), or tri-
phenylphosphine oxide (5)10 show that both urea protons chelate 
the guest acceptor group leaving the urea carbonyl free (except 
in 4 where one of the diethyleneglycol protons forms a hydrogen 
bond to the carbonyl group of 1). 

Surprisingly, A^TV'-diphenylurea and other diaryl ureas with 
ortho- or para-substituted electron-withdrawing groups (EWG) 
or w-methyl groups do not form cocrystals even with the strong 
acceptors like triphenylphosphine oxide.11 However, ureas sub­
stituted with W-CF3 groups or with at least one W-NO2 group will 
complex like 1, Figure 1. The complexation properties of these 
compounds correlates with the presence of a strong EWG in the 
meta position.12 The effect is not steric, since -CF3 substituents 
work but -CH3 groups do not, and it is not a resonance effect since 
ortho- and para-substituted EWGs do not induce cocrystal for­
mation but meta-substituted EWGs do. There is evidence from 
the crystal structures of 2-5 that complexation occurs when the 
weakly acidic ortho-C-H protons lie near the carbonyl oxygen. 
In the four cocrystal structures of 1 reported here, the diaryl urea 
molecules are more nearly planar than in A^/V'-diphenylurea 
(torsion angles of phenyl rings range from 2.3 to 9.1° in 2-4, and 
are -19.1 and 23.5° in 5, while the torsion angles of phenyl rings 
in 7V,JV'-dipheny]urea are ±43.0°4). The H O distances in the 
C-H O contacts on meta EWG rings is 2.23 to 2.29 A (which 
are less than the 2.4 A limit set by Taylor and Kennard for 
C-H O hydrogen bonds),13 compared to H - O of 2.49 and 
2.66 A in TVyV-diphenylurea. The C-H O angles in 2-5 are 
118 to 125°, and the protons are nearly in the same planes as the 
lone pairs of electrons in these structures. 

Thus, in structures with meta EWGs the molecules become 
nearly planar, and the ortho- C-H protons lie as close as possible 
to the carbonyl group. The urea carbonyl group forms no in-
termolecular hydrogen bonds in these structures, so the N-H 
protons are free to bind to guest molecules. A possible explanation 
for the highly specific complexation behavior of 1 is that a weak 

(9) Acceptors that give cocrystals are as follows: tetrahydrofuran, diethyl 
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details will be presented elsewhere. 
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Chem. 1974, B30, 980-987). 

(12) Studies by Hart et al. have shown that dialkylureas that are substi­
tuted with trityl groups will form clathrates with various small organic 
molecules. Sometimes these guests form hydrogen bonds to the urea protons. 
It is presumed that the steric bulk of the trityl groups inhibits close packing 
of the urea hosts and promotes clathrate formation. Hart, H.; Lin, L.-T.; 
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C-H O interaction takes place which drastically reduces the 
effective /3-value of the carbonyl group.5 Further studies are 
underway to clarify the nature of this interaction and its role in 
determining the complexation behavior of 1 and related com­
pounds. 
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Wettability is a property of surfaces that is both theoretically 
and practically important.2 We3 and others4 have shown qual­
itatively that the wettability of a solid is determined by the 
structure of its outermost few angstroms. A more quantitative 
knowledge of the influence on wetting of the depth of functional 
groups beneath the surface would be invaluable in understanding 
the intermolecular forces acting at interfaces.5 Here we correlate 
the wettability of ordered monolayers of oi-mercapto ethers 
(HS(CH2)160(CH2)„CH3; n = 0-5)6 adsorbed on gold with the 
depth of the polar ether functional group below the solid-liquid 
interface. Long-chain alkanethiols adsorb from solution onto gold 
surfaces and form monolayer films in which the hydrocarbon 
chains are densely packed, all-trans, and tilted about 30° from 
the normal to the surface.7'9 Assuming a similar structure for 
monolayers formed from mercapto ethers (Figure 1), variation 
in the chain length, n, of the terminal alkyl group provides ang­
strom-scale control over the position of the polar ether group 
beneath the surface. 

X-ray photoelectron spectroscopy (XPS) and external reflection 
infrared spectroscopy of these monolayers confirmed their com­
position. The C-H stretching modes in the infrared indicated 
crystalline packing in both the polymethylene backbones and the 
terminal O-alkyl chains.8 Progressive attenuation of the O(ls) 

(1) IBM Pre-doctoral Fellow in Physical Chemistry 1985-1986. 
(2) Contact Angles, Wettability, and Adhesion; Fowkes, F. M., Ed.; Ad­

vances in Chemistry 43; American Chemical Society: Washington, DC, 1964. 
Kaelble, D. H. Physical Chemistry of Adhesion; Wiley: New York, 1971. 
Bowden, F. P.; Tabor, D. The Friction and Lubrication of Solids, Part II; 
Oxford University Press: London, 1969. 

(3) Troughton, E. B.; Bain, C. D.; Whitesides, G. M.; Nuzzo, R. G.; Allara, 
D. L.; Porter, M. D. Langmuir 1988, 4, 365-385. Bain, C. D.; Whitesides, 
G. M. Science (Washington, D.C.) 1988, 240, 62-63. Bain, C. D.; Whitesides, 
G. M. J. Am. Chem. Soc. 1988, in press. Holmes-Farley, S. R.; Whitesides, 
G. M. Langmuir 1987, 3, 62-75. Holmes-Farley, S. R.; Reamey, R. H.; 
Nuzzo, R. G.; McCarthy, T. J.; Whitesides, G. M. Langmuir 1987, 3, 
799-815. 

(4) Zisman, W. A. In Contact Angles, Wettability, and Adhesion; Fowkes, 
F. M., Ed.; Advances in Chemistry 43; American Chemical Society: Wash­
ington, DC, 1964; pp 1-51. McBride, J. M.; Segmuller, B. E.; Hollingsworth, 
M. D.; Mills, D. E.; Weber, B. A. Science (Washington, D.C.) 1986, 234, 
830-835. 

(5) Israelachvili, J. N. Intermolecular and Surface Forces; Academic: 
New York, 1985. 

(6) These ethers were prepared from CH2=CH(CH2J14Br by displacement 
of bromide by RO", photochemical addition of thiolacetic acid (Janssen, M. 
J. In The Chemistry of Carboxylic Acids and Esters; Patai, S., Ed.; Inter-
science: New York, 1969; pp 720-723), and acidic hydrolysis. CH2=C-
H(CH2Ji4Br was prepared by coupling CH2=CH(CH2)9MgBr to excess 
Br(CH2J5Br in the presence of catalytic Li2CuCl4 (Tamura, M.; Kochi, J. 
Synthesis 1971, 303-305). The mercapto ethers were pure by 1H NMR 
spectroscopy: mp 29.5-30.5 0C (Me), 29.5-31 0C (Et), 22-23 0C (Pr), 26-27 
0C (Bu), 25-27 0C (Pent), 30.5-32 0C (Hex). 

(7) Nuzzo, R. G.; Allara, D. L. /. Am. Chem. Soc. 1983,105, 4481-4483. 
Strong, L.; Whitesides, G. M. Langmuir, in press. Porter, M. D.; Bright, T. 
B.; Allara, D. L.; Chidsey, C. E. D. J. Am. Chem. Soc. 1987, 109, 3559-3568. 

0002-7863/88/1510-5897S01.50/0 © 1988 American Chemical Society 


