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Summary: A cleft with two aminoimidazoline groups
preorganized to form a V-shaped cavity was found to bind
dibenzyl phosphate in mixtures of DMSO and water.

The molecular recognition,! transport,’ and catalytic
hydrolysis® of phosphodiesters are currently attracting
attention due to applications in nucleotide chemistry. A
typical strategy for complexing phosphate esters is ion
pairing with positive amine salts such as ammonium* or
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guanidinium.® Guanidinium groups on the side chains of
arginines are used commonly by proteins to recognize the
phosphates of nucleotides via a two-point hydrogen-
bonding motif.1€
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Compound 1 contains two amino imidazoline groups in
which the guanidinium moieties are preorganized to con-
verge toward each other and complex a phosphodiester via
four point hydrogen bonding (two interactions of the type
shown above) in a similar manner to that found in the
active site of staphylococcal nuclease.” Our goal is to
enhance the hydrolysis of phosphodiesters via stabilization
of the dianionic phosphorane intermediate within the
dicationic® positively charged cleft.’?

The synthesis of 1 began with the known compound 21
(Scheme I). Compound 2 was reductively aminated!! to

(6) (a) Calnan, B. J.; Tidor, B.; Biancalana, S.; Hudson, D.; Frankel,
A. D. Science 1991, 252, 1167 and references cited therein. (b) Saenger,
W. Principles of Nucleic Acid Structure: Springer Verlag: New York,
1984; p 387.

(7) (a) Tucker, P. W.; Hazen, E. E., Jr.; Cotton, F. A. Mol. Cell. Bio-
chem. 1979, 23, 67-86. (b) Cotton, F. A.; Hazan, E. E,, Jr.; Legg, M. Proc.
Natl, Acad. Sci. U.S.A. 1979, 76, 2551-2555. (c) Loll, P. J.; Lattman, E.
E. Proteins 1989, 5, 183-201.

(8) Substituted guanidines are known to be very basic: (a) Leffek, K.
T.; Pruszynski, P.; Thanapaalasingham, K. Can. J. Chem. 1989, 67, 590.
(b) Wirth, T. H.; Davidson, N. J. Am. Chem. Soc. 1964, 86, 4325.

(9) Electrostatic transition-state stabilization is discussed in: Fersht,
A. Enzyme Structure and Mechanism, 2nd ed.; W. H. Freeman: New
York, 1985; Chapter 12.

(10) Huang, C. Y.; Cabell, L. A.; Anslyn, E. V. Tetrahedron Lett. 1990,
31, 7411.

0022-3263/92/1957-0417$03.00/0 © 1992 American Chemical Society



418 J. Org. Chem., Vol. 57, No. 2, 1992

Communications

Table I. Composite Binding Constants for a Mixture of meso/d,I-1 and Other Receptors with Dibenzyl Phosphate with
Various Solvent Conditions. Two Significant Figures Are Appropriate and an Error of 15% Is Estimated

lonic
host solvent, strength (M) K, (M) K, (M)
Hen®™S DMSO 0.045 800 100
\eN, SMXO0/D,0 (90/10) 0.017 300 60
Nt OH DMSO0/D,0 (80/20) 0.027 60 20
B " DMSO0/D;0 (67/33) 0.013 30
i 261- DMSO0/D,0 (87/33) 0.178 140
g0 Y= M DMSO0/D,0 (67/33) 0.325 360
e DMS0/D,0 (67/33) 0.516 700
=N
H-N_J
1
Hen™ DMSO 0.030 330
ﬁN\H DMSO0/D,0 (67/33) 0.321 no binding
N
O_ T
6
guanidinium chloride DMSO/D,0 (67/33) 0.33 no binding
form a mixture of meso- and d,l-3. Attempts to form 1 g
directly via reaction of 2-(methylthio)-2-imidazoline!? with
3 resulted in very low yields, and thus a more lengthly but A
higher yield route was developed. Protection of ethyl- c06'
enediamine with BOC,'? followed by reaction with carbon
disulfide and DCC,'* forms thioisocyanate 4. When 3 and
4 were allowed to react followed by alkylation with ethyl
bromide and deprotection of the BOC groups,'? cyclization e 4007
occured under slightly basic conditions to produce free base B
1 in an overall 36% yield from 2. Free base 1 was crys-
tallized as the dipicrate salt and converted to the di-HCl 200 |
salt by anion exchange chromatography.'®
Binding studies were performed by both P NMR and A
'H NMR titrations.’® Based on the shape of the P NMR
titration curves versus the host/guest ratio, it was con- oA - ; - - e
cluded that two complexes were forming, both a 2:1 and 28 gl 9.2 24 9.4 0:2 92
a 1:1 guest to host complex. Upon introducing water to lonic Strength

the solvent system, the binding became weaker as expected
due to better solvation of the host and guest charges (Table
I). Ina67/33 DMSO/D,0 mixture, only 1:1 binding was
observed. To solve for the two binding constants from the
3P NMR titration, we used an algorithum based upon
following the chemical shift of the species whose stoi-
chiometry is two in a 2:1 complex.'” In order to confirm
these binding constants, '"H NMR titrations were per-
formed, and a curve-fitting program which follows the
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Figure 1. Effect of ionic strength on 1:1 binding constant K M.

Figure 2. Molecular mechanics generated structure for the
complexation of dimethyl phosphate to 1. Hydrogens deleted for
clarity. Dashed lines are hydrogen bonds with heteroatom-
heteroatom distances less than 3.2 A.

species whose stoichiometry is one in a 2:1 complex was
used.’® The binding constants calculated by the two
different methods were within 10% of each other. The
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Scheme I. Synthesis of Compound 1
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cooperativity of the two symmetrical halves of compound
1 for phosphodiester binding was established by checking
the binding of the control compounds guanidinium chlo-
ride and 6. Under the same experimental conditions that
1 binds dibenzyl phosphate with a binding constant of 3.6
X 102 M, no complexation!® with guanidinium chloride
and 6 was observed.

The effect of ionic strength (adjusted with NaCl) on the
1:1 binding constant with the DMSO/D,0 (67/33) solvent
mixture is shown in Figure 1. Under all conditions, the
3P NMR titrations showed simple 1:1 binding. Although
the addition of chloride ion to the solution might be ex-
pected to compete with the phosphates for the positive
amino imidazoline groups and thus lower the phosphate
binding constants, the opposite was observed. The binding
constants of the phosphates increased with increasing
amounts of NaCl. We attribute this effect to a “salting
out” phenomenon.®® We propose that as increasing
amounts of NaCl are added to the solution, the solvent
becomes more tied up solvating the NaCl and the solvent
becomes a worse solvator of the amino imidazoline groups.
Further studies to elucidate the origin of the ionic strength
effect are in progress.

(19) Binding constant detection limit is about 10 M™%

(20) (a) Long, F. A.; McDevitt, W. F. Chem. Rev. 1952, 51, 119. (b)
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NH3+ NHBoc

Figure 2 shows a molecular mechanics? derived struc-
ture for the complexation of dimethyl phosphate (benzyls
removed for clarity) to 1. As expected, the binding in this
hypothetical structure involves four hydrogen bonds be-
tween the phosphodiester and the host. The amino imi-
dazoline groups are twisted away from the saturated car-
bons of the octahydroacridine linker forming a V-shaped
cleft which complements the divergent oxygen lone pairs
on the phosphodiester. Only the meso form of 1 is shown.
The d,l form was calculated to adopt a similar structure
except with different conformations of the CH, groups in
the octahydroacridine linker. Phosphodiester hydrolysis
studies along with attempts to further increase the strength
of complexation in water containing solvents are in prog-
ress.
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