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resonances on going from CDCI; to DMSO-dg, which is smaller
for the dialkylureas (1.65 ppm) than for the 2-(acylamino)-
pyridines (2.33 ppm). Nonetheless, the increase in binding
strength in 6 is modest compared to 2a (AGjs = -2.2 keal mol™,
AH = -2.7 kcal mol™', and AS = -1.7 cal mol™! K™!), possibly
reflecting that glutarate is binding in a higher energy confor-
mation.'* This interpretation is supported by the very strong
interaction between 4 and adamantane-1,3-dicarboxylate 8, a rigid
analog of glutarate (AGsys = =4.5 kcal mol™', AH = -5.6 kcal
mol™, and AS = -2.6 cal mol™! K™!). The entropies of association
for 2a, 6, and 4:8 in DMSO-d; are all small despite the inherent
entropic cost of bimolecular association and the greater flexibility
of the xylylene spacer, compared to the terephthaloyl group in
1. Binding must therefore involve an entropically favorable
component to counterbalance these unfavorable factors. This may
derive from displacement of DMSO molecules solvating the urea
NH sites or ion-paired tetrabutylammonium cations on substrate
binding. The resultant randomization of solvent or ions would
lead to an increase in entropy, and similar effects have been seen
with other synthetic receptors.*!’

8 10

The complex 7 formed between bis-thiourea receptor 5§ and
glutarate-TBA in DMSO-d; shows a 15-fold increase in stability
(K, = (1.0 £ 0.2) X 10* M) over 6.6 The corresponding
bis-alkylguanidinium receptor 9'7 is formed by reaction of 1,4-
bis(aminomethyl)benzene with 2-(methylthio)imidazoline hydr-
iodide. The association constant for the complex between 9 (as
its bis-iodide salt) and glutarate~TBA in DMSO-d was too large
(K, > 5 X 10° M) to be measured by 'H NMR. Addition of
D,0 to the DMSO solution led to the expected decrease in X,
due to increased solvation of the carboxylate groups. However,
binding was still clearly observable at 12% D,0/DMSO (X, =
(8.5 £ 1.5) X 10° M™') and even 25% D,0/DMSO (X, = (4.8
+2.5) X 102 M™).18

In summary, we have shown that manipulation of both the
location and charge of hydrogen-bonding sites can convert syn-
thetic receptors that function only in nonpolar solvents into ones
that bind strongly in highly competitive solvents. We are currently
applying these designs to new catalytic systems.
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Basic oxygen atoms in neutral organic molecules are able to
accept multiple hydrogen bonds at the same time.* These multiple
interactions play a chemically important role by helping determine
structure and reactivity. In contrast, the simultaneous interaction
of basic oxygen atoms with multiple sites of Lewis acidity is a
more elusive phenomenon. Complexes in which the oxygen atom
of an ether or a carbonyl compound is bound by two Lewis acids
are rare,’% and higher degrees of association are unknown. In
this communication, we describe the unprecedented structure of
a complex in which the oxygen atom of a simple amide interacts
simultaneously with four Lewis acidic atoms of mercury.

Phenylenedimercury dichloride 1, a bidentate Lewis acid,’ is
known to form a 1:1 complex with dimethylformamide in which
the carbonyl oxygen atom is bonded to both atoms of mercury
at once. A partial structure is shown in Figure 1a, along with
selected geometric parameters. We have now found that crys-
tallization of the more strongly Lewis acidic bis(trifluoroacetate)
2% from dimethylformamide or diethylformamide produces
complexes in which the bidentate Lewis acid and the amide are
present in a 2:3 molar ratio.!® The structures of these two
complexes were determined by X-ray crystallography and proved
to be very similar;!! the structure of the diethylformamide adduct
is illustrated in Figures 1 and 2, along with selected interatomic
distances and angles.

CH,

HgCl CH, HgOOCCF,
: : CH;

HgCl HgOOCCF,
3
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Two of the three bound amides are complexed in the expected
manner. Each carbonyl oxygen atom interacts with two Lewis
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Figure 1. ORTEP drawings of the structures of amide complexes of phenylenedimercury dichloride 1 (a) and bis(trifluoroacetate) 2 (b—d) showing
only the bound amides and the associated atoms of mercury. To facilitate comparison, each structure is viewed along the carbonyl C==0 axis from
slightly above the carbonyl plane. The three geometric parameters that appear next to each mercury atom correspond to the carbonyl O--Hg distance
(A)/C=0--Hg angle (deg)/N--C=0.~Hg dihedral angle (deg). The formyl hydrogen atoms appear as spheres of arbitrary size, while other hydrogen
atoms are omitted for simplicity. Other atoms are represented by ellipsoids corresponding to 30% probability.

Figure 2. ORTEP drawing of the structure of the 2:3 complex of phe-
nylenedimercury bis(trifluoroacetate) 2 with diethylformamide. The
formyl hydrogens appear as spheres of arbitrary size, while other hy-
drogen atoms are omitted for simplicity. Other atoms are represented
by ellipsoids corresponding to 30% probability. Important interatomic
distances not shown in Figure 1 include C(71)-0(71) = 1.25 (5), C-
(81)-0(81) = 1.19 (4), C(81)-O(91) = 1.19 (4), C(7T1)-N(71) = 1.33
(4), C(81)=N(81) = 1.31 (4), and C(91)-N(91) = 1.28 (5) A.

acidic atoms of mercury derived from a single molecule of bis-
(trifluoroacetate) 2, producing motifs that resemble the structure
of the 1:1 complex of dichloride 1 and dimethylformamide. For
comparison, partial structures are shown in Figure 1b,c. The
lengths of the dative Hg~O bonds, which vary only within the
narrow range 2.64(2)-2.82(2) A, resemble those found in related
complexes.’#!2  Other features of the complex, including the

tendency of mercury to form two essentially collinear primary
bonds and to accept coordinative interactions in the plane per-
pendicular to these bonds, have been noted in related structures.>®
In addition, the average lengths of the primary Hg—O and Hg-C
bontslslgllo (2) and 2.06 (3) A, respectively) have normal val-
ues.’®

The general similarity of the three motifs shown in Figure la—c
confirms that derivatives of 1,2-phenylenedimercury hold two sites
of Lewis acidity in an orientation particularly well suited for the
cooperative binding of carbonyl substrates. Although the three
motifs are similar, the angular distributions of the two Lewis acidic
atoms of mercury vary widely. This suggests that carbonyl oxygen
atoms do not have very strong steric or electronic preferences for
bonding to atoms of mercury along specific directions.'* We
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conclude that the Hg—O interactions have a significant electrostatic
component. In addition, the data in Figure 1a—< provide evidence
for an important covalent component as well, since the shortest
dative Hg—O bonds are those that lie closest to the carbonyl plane,
in the direction of the carbonyl lone pairs.!?

The most remarkable feature of the structure of the 2:3 complex
of bis(trifluoroacetate) 2 with diethylformamide is the binding
of the third amide. Its oxygen atom interacts simultaneously with
four Lewis acidic atoms of mercury, creating the unprecedented
partial structure shown in Figure 1d. All four dative Hg-O
distances are significantly shorter than the sum of the van der
Waals radii of oxygen (1.40 A)'6 and mercury (1.73 A).”” Each
1,2-phenylenedimercury unit forms one short and one long dative
Hg-O bond. The two shortest bonds are those that lie closest to
the carbonyl plane, while the two longest bonds lie in an ap-
proximately orthogonal plane. The resulting motif therefore
resembles the quadruply hydrogen-bonded structure of crystalline
urea,* since in both cases the carbonyl oxygen atom is surrounded
by four electrophilic sites disposed in two approximately per-
pendicular planes. This suggests that other adducts of carbonyl
compounds with four neutral main group Lewis acids will attempt
to attain the idealized structure 3, in which the carbonyl oxygen

atom forms strong, partly covalent bonds to two Lewis acids (LA)
lying in the carbonyl plane along the directions of the sp? lone
pairs and accepts weaker, largely electrostatic interactions with
two other Lewis acids (LA’) in an orthogonal plane.'®
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In principle, quadruple bonding of the third amide should have
a conspicuous effect on its structure and reactivity.’»!* Unfor-
tunately, the standard deviations in the structural parameters are
too high to permit detailed comparison of the three bound amides,
so we cannot confirm that the C—-O and C-N distances in the
quadruply bonded amide are significantly longer and shorter,
respectively, than those in its doubly bonded neighbors or in free
diethylformamide.2 Nevertheless, this structure provides a
dramatic illustration of the ability of the oxygen atom of carbonyl
compounds to accommodate multiple sites of Lewis acidity when
they are linked together to form multidentate units that are
structurally and electronically complementary.
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