
/ . Am. Chem. Soc. 1993, 115, 7031-7032 7031 

Molecular Recognition of Nucleobases via Simultaneous 
First- and Second-Sphere Coordination 

James E. Kickham, Stephen J. Loeb,* and 
Shannon L. Murphy 

Department of Chemistry and Biochemistry 
University of Windsor, Windsor, Ontario, Canada N9B 3P4 

Received April 5, 1993 

The interaction of transition-metal complexes with nucleobases 
has been studied extensively1 with emphasis on the development 
of antitumor agents,2 reagents for molecular biology,3 and 
regulators of gene expression.4 Concurrently, major advances 
have been made in designing synthetic receptors for nucleobases 
by optimizing noncovalent host-guest interactions.3 Herein, we 
describe a new approach to designing receptors for the nucleobases. 
A series of macrocyclic metal complexes has been prepared which 
bind to a substrate via simultaneous first- and second-sphere 
coordination.6 This is accomplished by a-donation to a transition 
metal (Pd) and noncovalent bonding (hydrogen bonds, ir-ir 
stacking) to peripheral receptor sites on the ligand. Although 
the combination of metal coordination, hydrogen bonding, and 
ir-ir stacking interactions is common to each nucleobase, the 
relative placement of these binding sites is different for each and 
acts as a source of discrimination. Although very few complexes 
have been characterized which show evidence of simultaneous 
first- and second-sphere coordination,6 this type of multiple-point 
binding has been demonstrated in both the binding of urea and 
barbiturates to a salicylaldimine-bound U(V+ moiety7 and the 
recognition of amino acids employing Rh and Zn porphyrin 
complexes.8 

Chart I shows the metalloreceptors employed in this study. 
The metal-free macrocycles were prepared in DMF by the Cs+-
mediated ring closure reaction9 of m-xylene-a,a'-dithiol with the 
appropriate dichloride or ditosylate in 64-86% yield. The 
palladium and labile CHsCN group were introduced through 
direct metalation of the aromatic ring using [Pd(CH3CN)4] [BF4] 2 
in CH3CN solution,10 resulting in yields of receptor of 52-77%. 
Receptors 2 and 3 contain one and three ether oxygens, 
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Chart I 

1: R = (CH1),, 

JT "1 2: R = (CH2J2O(CH2), 

I L 1 3: R = (CHJ)10((CH2)20)3(CH2)2 
—Pd s-v 

j \ 4: R = p-CH2(C,H4)0«CH2)20),(C,H4)CH2 

X J S: R = m-CH2(C,H4)0((CH2)20),(C,H4)CH2 

respectively, for H-bonding to the substrate, and 4 and 5 contain 
four ether oxygens as well as aromatic units for additional T-T 
stacking interactions, while 1 is a model receptor containing none 
of these secondary binding features.11 

Extraction experiments with adenine, cytosine, guanine, and 
thymine were performed in (CD3)2CO and CD3CN solutions.12 

The results are summarized in graphical form in Figure 1 and 
provide a good qualitative picture of the relative affinities of 
these receptors for the four nucleobases. 

Cytosine has potential metal-coordination and hydrogen-
bonding sites at N3 and N4, two of the three sites employed in 
Watson-Crick base pairing. Figure 1 shows that, in CD3CN 
solution, receptor 3 is selective for cytosine, exhibiting a 56% 
extraction value compared to less than 5% for the other 
nucleobases. The 1H NMR spectrum (CD3CN) of an isolated 
sample of [3:cytosine] [BF4] showed free and H-bonded NH2 
signals at 6.71 and 7.28 ppm for bound cytosine compared to 6.69 
ppm for [lxytosine] [BF4], in which no H-bonding can occur.5 

Figure 2 shows the result of an X-ray structural study13 of 
[3:cytosine] [BF4] which confirms the presence of this multiple-
interaction bonding mode. The aromatic N atom of cytosine is 
bonded to the Pd atom (Pd-N3C, 2.171 (6) A) with simultaneous 
H-bonding of the NH2 group to the crown ether portion of the 
macrocycle (N4C-01, 3.06(1) A). 

Guanine has potential metal-coordination and H-bonding sites 
at either N7 and N2 or N3 and N2; however, only one isomer 
was observed. Extraction experiments show guanine to be the 
least extracted of adenine, cytosine, and guanine, while thymine 
was not extracted in any appreciable amount since it lacks the 
aromatic N-donors for a-donation to Pd. Significant extraction 
values for guanine were obtained only in (CD3)2CO for 4 and 5, 
which contain the aromatic spacing units. 1H NMR spectra of 
receptor/purine complexes of 4 and 5 exhibited upfield shifts in 
the rangeO.5-0.6 ppm for sets of aromatic protons on the receptors, 
consistent with significant ir-ir interactions5 accompanying the 
coordination to Pd. The details of this can been seen in the 
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(I) Acetonitrile 

Figure 1. Plots of percent extraction of solid nucleobase (cytosine (C), 
adenine (A), guanine (G), and thymine (T)) into solution of receptors 
1-5. (I) CD3CN and (II) (CD3)2CO. 

Figure 2. Perspective ORTEP view of the [3:cytosine]+ cation. C atoms 
are numbered sequentially beginning at Cl. Pd-Sl 2.308(3), Pd-S2 
2.300(3), Pd-Cl 1.993(7), and Pd-N3C 2.171(6) A; Sl-Pd-S2 161.80-
(8), Sl-Pd-Cl 85.5(2), S2-Pd-Cl 81.7(2), Sl-Pd-N3C 92.0(2), S2-
Pd-N3C 101.2(2), and Cl-Pd-N3C 176.7(3)°; N4C-01 3.06(1) A. 

structure of [5:guanine(BF3)] [BF4], Figure 3. The guanine 
derivative is bound to Pd at N7 (Pd-N7G, 2.155(7) A) while 
being simultaneously w-stacked between the aromatic rings of 
the receptor. The three aromatic units are essentially parallel, 
with interplanar distances between receptor and substrate of ca. 
3.35 A. Most importantly, the fused-ring carbon atom C5G is 
positioned exactly between the centers of the parallel aromatic 
rings of the receptor, an "offset" situation that maximizes the 
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Figure 3. Perspective ORTEP view of the [5:guanine(BF3)]
+ cation. C 

atoms are numbered sequentially beginning at Cl. F atoms have been 
omitted for clarity. Pd-Sl 2.296(3), Pd-S2 2.294(3), Pd-Cl 2.00(1), 
and Pd-N3C 2.155(7) A; Sl-Pd-S2 168.6(1), Sl-Pd-Cl 84.2(3), S2-
Pd-Cl 85.1(3), Sl-Pd-N3C 98.6(2), S2-Pd-N3C 92.1(2), and Cl-
Pd-N3C 177.1(4)°; N2G-02 3.16(1) and N2G-03 2.87(1) A. 

degree of «•-*• interaction14 and can only occur with coordination 
to the Pd atom at N7. In addition, the amino group is hydrogen-
bonded in a bifurcated mode to the two aliphatic ether oxygen 
atoms (N2G-02, 3.16(1); N 2 G - 0 3 , 2.87(1) A). 

Adenine has potential metal-coordination and hydrogen-
bonding sites at Nl and N6 (employed in Watson-Crick base 
pairing), N7 and N6 (employed in Hoogsteen base pairing), or 
N3 and N6 (Type III). In extraction experiments with 1,2, and 
3, two isomers for an adenine-bound substrate were observed, 
and 1H NMR spectra in (CD3J2CO, employing 1:1 solutions of 
receptor and 9-ethyladenine, showed isomer ratios of 1.03:1,1.96: 
1, and 1.64:1, respectively. These ratios represent a competition 
between Watson-Crick and Hoogsteen-type binding modes since 
CPK models show that Type III binding is not feasible with these 
receptors. Watson-Crick-type binding allows for optimization 
of the H-bonding interaction, but the higher basicity of N7 favors 
the Hoogsteen-type binding mode. In the case of 1, in which no 
H-bonding occurs, the WC:H ratio is close to 1:1, but when the 
possibility of H-bonding is introduced for 2 and 3, the Watson-
Crick-type interaction is favored. This is more pronounced for 
2, and CPK models show that, although both 2 and 3 can undergo 
H-bonding, the short polyether chain for 2 is locked in a rigid, 
preorganized conformation with a smaller spacing between the 
Pd and O binding sites which favors Watson-Crick-type binding. 
The presence of ir-ir stacking allows for higher percent extraction 
values for 4 and 5. Although CPK models show that placements 
of the Pd and ether oxygen atoms might actually favor a Type 
III binding mode, the predominate isomer is likely the Hoogsteen 
binding type. This orientation of the substrate would be favored 
since it involves the more basic N7 donor and optimizes the ir-ir 
stacking interactions, as observed in the solid-state structure of 
[5:guanine(BF3)] [BF4]. 

The ability of this series of metalloreceptors to exhibit 
simultaneous first- and second-sphere coordination with nucle
obase substrates has been verified. The molecular recognition 
properties of these receptors has also been demonstrated in a 
qualitative manner, and the potential of these complexes for 
application to biological systems is the subject of a current study. 
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