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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 
ether, 1,4-dioxane, acetone, butanone, cyclohexanone, cyclopentanol, dimethyl 
sulfoxide, triphenylphosphineoxide, acetonitrile, diethyleneglycol, p-nitro-
aniline, /V./V-dimethyl-p-nitroaniline, polyethyleneoxide. 

(10) Unit cell parameters: 2 (THF), a = 9.586 (3) A, b = 11.636 (4) A, 
c = 8.289 (3), A, a = 107.24 (3)°, 0 = 93.94 (3)°, y = 86.73 (3)°, Pl, Z 
= 2; 3 (DMPNA), a = 20.002 (5) A, b = 15.414 (5) A, c = 7.165 (4) A, 0 
= 107.61 (4)°, C2/c, Z = 4; 4 (DEG), a = 11.247 (6) A, b = 12.029(6) A, 
c = 7.54 (1) A, a = 103.98 (7)°, 0 = 102.30 (9)°, y = 98.94 (4)°, Pl, Z = 
2; 5 (TPPO), a = 12.37(I)A, b= 15.136 (6) A, c = 8.311 (6) A, a = 101.93 
(4)°, 0 = 91.22 (6)°, 7 = 110.94 (4)°, PX, Z = 2. Complete crystallographic 
details will be presented elsewhere. 

(11) An exception is l,3-bis(/>-nitro)phenyl urea which forms a cocrystal 
with DMSO. We think that the DMSO is not hydrogen-bonded to the urea 
protons, however, since the IR carbonyl frequency of the complex is only 5 
cm"1 higher than in the uncomplexed crystals. Urea itself is also a good proton 
donor and will complex with many acceptor molecules. In these cocrystals, 
all four hydrogen bonds of urea are used as donors and the carbonyl oxygen 
is an acceptor site for one or two hydrogen bonds (see, for example: Gartland, 
G. L.; Craven, B. M. Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. 
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.; 
Goldberg, I. MoI. Cryst. Liq. Cryst. 1986, 137, 227-286, and references cited 
therein. 

(13) Taylor, R.; Kennard, O. J. Am. Chem. Soc. 1982, 104, 5063-5070. 

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. 
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molecules are able to penetrate through the terminal alkyl chains, 
possibly by disordering the outermost part of the monolayer. 
Water-hydrocarbon contacts are, however, energetically unfa
vorable and beyond a certain depth the energy of a hydrogen bond 
to an ether no longer compensates for the concomitant hydrophobic 
interactions. Glycerol not only forms strong hydrogen bonds but 
also has considerable dispersive character.12 The contact angles 
of glycerol reach a plateau at the propyl ether: at this point the 
glycerol molecules are beyond the range of significant dispersive 
interactions with the ether functionality but are perhaps too 
sterically hindered to penetrate through the terminal alkyl chain 
to form hydrogen bonds to the oxygen atom of the ether ." 

In conclusion, the sensitivity of the contact angle of hexadecane 
to the ether group in this monolayer system extends only ~ 2 A, 
whereas water senses the ether group down to ~ 5 A beneath the 
surface. The greater sensing depth of water may reflect its 
penetration through short alkyl chains at the surface of the 
monolayer. 
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valuable discussions. 
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Figure 2. Advancing contact angles of water (•), glycerol (O), and 
hexadecane (•) on monolayers of HS(CH2)160(CH2)„CH3 on gold, as 
a function of the length of the terminal alkyl chain. PEG (poly(ethylenc 
glycol)) is a model for a surface in which the ether linkage is exposed to 
the contacting liquid. A monolayer of docosanethiol (HS(CH2)2|CH3) 
on gold models the case in which the oxygen of the ether has no influence 
on the contact angle. Errors in measurement arc within the size of the 
data points. The value of the contact angle of water on PEG is ap
proximate since PEG rapidly dissolves in the water drop. 

peak in XPS with increasing chain length of the alkyl group 
supported our proposed structural model. 

We measured the advancing contact angle, 0a, of water, glycerol, 
and hexadecane on the monolayers as the ether group was pro
gressively screened from the contacting liquid by alkyl chains of 
increasing length.9 Figure 2 relates cos fla to the length of the 
terminal alkyl chain. A smooth poly(ethylene glycol) (PEG) 
surface10 provided a reference for a surface in which ether linkages 
are exposed to the contacting liquids." 

We note two features of Figure 2. First, for sufficiently long 
terminal alkyl chains, the contact angles approach those observed 
on monolayers of simple n-alkanethiols adsorbed on gold. Thus, 
the influence on wettability of the ether oxygen disappears entirely. 
Second, the length of the alkyl chain for which the ether group 
no longer influences the contact angle varies with the nature of 
the contacting liquid. Hexadecane, which interacts only by 
dispersion interactions, is largely screened from the influence of 
the ether oxygen by a single methyl group and completely screened 
(to within experimental precision) by an ethyl group. Water, 
which interacts primarily by hydrogen bonding, senses the ether 
group at greater depths; limiting contact angles are only reached 
for the butyl ether. Clearly, water cannot form hydrogen bonds 
through 4 A of hydrocarbon. It is more likely that the water 

(8) The C-H stretching modes of the methyl ether are complex; we have 
not yet analyzed them thoroughly. Full spectroscopic data will be published 
separately. 

(9) For experimental details, see: Bain, C. D.; Troughton, E. B.; Tao, 
Y.-T.; Evall, J.; Whitesides, G. M.; Nuzzo, R. G. J. Am. Chem. Soc., in press. 

(10) PEG (MW 7500 av, Polysciences) was cooled from the melt against 
a polished silicon wafer that had been cooled with a monolayer of CF3-
(CF2J7(CH2I2SiCI3 (Petrarch) to prevent adhesion to the surface. PEG dis
solves rapidly in water: the contact angle of water shown in Figure 2 is an 
estimate of the angle immediately after application ( ~ 1 s) of the drop to the 

(11) An alternative reference surface—a monolayer of HS(CH2)MOH on 
gold—is wet by all three liquids (S1 < 10°). 

(12) Fowkes, F. M. Ind. Eng. Chem. 1964, 56(12), 40-52. 
(13) Relatively long-range polar interactions could also play a role in 

determining the contact angle. Experiments with monolayers of thiols on 
silver, in which the alkyl chains arc less canted and hence have less freedom 
to become disordered in the presence of water, should help to distinguish 
between these two mechanisms. 
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Porphobilinogen (PBG) deaminase (EC4.3.I.8) catalyzes the 
tctramcrization of PBG (1) to prcuro'gen (hydroxymethylbilane, 
HMB, 2)'-2 which is cyclized with rearrangement to the unsym-
metrical uro'gen III (3) by uro'gen III synthase (EC4.2.1.75) 
(Scheme I). In the absence of the latter enzyme, prcuro'gen (2) 
cyclizes to uro'gen I (4),3 which has recently been shown to be 
a substrate for the methylases of the vitamin B]2 pathway.45 

Previous work with deaminase (from Rhodopseudomonas 
spheroides) has established that a covalent bond is formed between 
substrate and enzyme.2'6-7 Application of 3H NMR spectroscopy 

E.; Hosazawa, S.; Jordan, P. M.; Scott, A. 
1979, 202. Scott, A. [.; Burton, G ; Jordan, 

;. P. E.; Pryde. L. M. J. Chem. Soc., Chem. 

, P. E.: Mackc , N. E.; Scott, 

(1) Burton, G.; Fagerness, P 
I. J. Chem. Soc., Chem. Commui 
P. M.; Matsumoto, H.; Fagernes 
Commun. 1980, 384. 

(2) Evans; J. N. S.; Burton, G ; F; 
A. I. Biochemistry 1986, 25, 897. 

(3) Review: Lccper, F. J. Nat. Prod. Rep. 198S. 2, 19. 
(4) Muller, G : Schmiedl, J.; Schneider, E.; Sedlmeier, R.; Worner, G ; 

Scott, A. 1.; Williams. H. J.; Santander, P. J.; Stolowich, N. J.; Fagerness, 
P. E.; Mackenzie, N. E.; Kriemler, H-P. J. Am. Chem. Soc. 1986.108, 7875. 

(5) Muller, G; Schmiedl, J.; Savidis, 1..; Wirth. G ; Scott, A. I.; Santander. 
P. J.; Williams H. J.; Stolowich. N. J.; Kriemler, H.-P. J. Am. Chem. Soc. 
1987, 109, 6902. 

(6) Berry, A. ; Jordan, P. M. ; 
(7) Battersby, A. R.; Fookes, 

E.; Hollenstein, R, J. Chem. So 
A. R.; Fookes, C. J. R.; Hart. G.. 
Soc., Perkin Trans. 1 1983, 3041. 

; Seehra, J. S. FEBS Lett. 1981, 129, 220. 
, C. J. R.; Matcham, G. W. J.; Macdonald. 

. Perkin Trans. I 1983, 3031. Battersby. 
: Matcham, G. W. J.; Pandcy, P. S. J. Chem. 
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