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tor-bound ligand molecules the combined use of the two afore
mentioned 2D NMR experiments appears preferable on various 
practical grounds. 
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We report the unusual observation of highly selective coordi
nation of a nucleobase when it is a constituent in a 5'-nucleotide 
but not when it is in a nucleoside or in a 3'- or 2'-nucleotide. Such 
an example of molecular recognition is unprecedented. Several 
recent elegant syntheses of organic compounds have made possible 
the discovery of selective interactions with nucleobase derivatives 
in organic solvents.1"7 In the present case, we demonstrate the 
use of an octahedral metal center in aqueous solution to arrange 
groups for the recognition of both base and phosphate groups. The 
tripodal tren (tris(aminoethyl)amine) ligand was selected because 
it can adopt only one geometry in octahedral complexes. The size 
and charge of the central metal can be varied; the resulting 
versatility should allow fine tuning of interactions of octahedral 
complexes with the molecular target not readily achieved with 
typical organic compounds containing a limited number of atom 
types. 

An aqueous solution of [Rhni(tren)(H20)2]3+ (0.056 M) and 
adenosine (Ado) in a 1:1 ratio was brought to 60 0C. After 48 
h, essentially no evidence of reaction was observed by 1H NMR 
(Figure 1). On the other hand, both guanosine (Guo) and inosine 
(lno) react with [Rh(tren)(H20)2]3+ (r,,2 < 2 h) under the same 
conditions to form complexes with the H8 signal shifted strongly 
downfield. For example, the H8 signal of Guo shifts from 8.05 
ppm to 8.49 ppm; for lno, from 8.36 ppm to 8.75 ppm. Such ~0.5 
ppm downfield shifts are characteristic of N7 coordination. 

These differences in reactivity for the nucleosides can be un
derstood by the nature of the tren-nucleobase interactions, which 
are unfavorable and repulsive between tren and the exocyclic 
6-NH2 group of Ado but favorable for H-bonding interactions 
between tren and the 6-oxo group of Guo and lno.8 

In contrast to Ado, 5'-AMP does react with [Rh(tren)(H20)2]3+ 

(tu2 ~ 2 h at 60 0C) to form a complex (1-5'-AMP) with the 
following spectral characteristics: H8 signal at 9.10 ppm, H2 at 
8.26 ppm, and H l ' (doublet) at 6.26 ppm (Figure 1). Compared 
to free 5'-AMP (H8 at 8.52 ppm, H2 at 8.15 ppm, and H l ' 
(doublet) at 6.09 ppm), the large downfield shift of the H8 signal 
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Figure 1. H8, H2, H l ' region of the 360-MHz spectra of 1:1 mixtures 
of [Rh(tren)(H20)2]3+ with (a) Ado, t = 48 h, 60 0C; (b) 5'-AMP, t = 
2 h, 60 0 C (signals for 1-5'-AMP and II-5'-AMP are labeled I and II, 
respectively); and (c) 3'-AMP, t = 48 h, 60 0C (Nicolet 360-MHz 
spectrometer, 99.98% D2O, sodium 3-(trimethylsilyl)propionate-</4 in
ternal reference, pD = 6.9, 23 0C). 

Figure 2. (a) Graphic depictions based on crystallographic data""21 

indicating potential favorable interligand H bonding of the phosphate 
group in [Rh(tren)(H20)(5'-AMP-A7)]+. (b) The absence of such in
teractions in a hypothetical [Rh(tren)(H20)(3'-AMP-A^7)]+. 

and smaller shifts of H2 and H l ' are characteristic of N 7 bind
ing.9"13 Further evidence for N7 coordination was obtained from 
experiments using a paramagnetic proba. Addition of Cu 2 + to 
a solution containing free 5 '-AMP and 1-5'-AMP resulted in line 
broadening of the H8 and H2 signals of the free ligand, while the 
H8 signal of 1-5'-AMP was not affected.9'10 The 31P signal 
corresponding to complex 1-5'-AMP appears at 1.1 ppm, only 1.4 
ppm downfield from the free ligand. A similar behavior was 
observed with 5 '-dAMP. 

(9) Miller, S. K.; Marzilli, L. G. lnorg. Chem. 1985, 24, 2421. 
(10) Reily, M. D.; Marzilli, L. G. J. Am. Chem. Soc. 1986, 108, 8299. 
(11) Reily, M. D.; Hambley, T. W.; Marzilli, L. G. J. Am. Chem. Soc. 

1988, 110, 2999. 
(12) Alessio, E.; Xu, Y.; Cauci, S.; Mestroni, G.; Quadrifoglio, F.; Viglino, 

P.; Marzilli, L. G. J. Am. Chem. Soc. 1989, / / / , 7068. 
(13) Kuo, L. Y.; Kanatzidis, M. G.; Marks, T. J. / . Am. Chem. Soc. 1987, 

109, 7207. 

0002-7863/91 /1513-4678S02.50/0 © 1991 American Chemical Society 



J. Am. Chem. Soc. 1991, 113, 4679-4681 4679 

These spectral features and behavior are entirely consistent with 
a monodentate, N7-coordinated 5'-AMP with the 5'-PO4 group 
limited to an outer-sphere role." Direct phosphate coordination, 
as observed for Rh(III)-inorganic phosphate or Rh(III)-methyl 
phosphate, causes downfield shifts of 8—10 ppm in 31P spectra.14,15 

However, this outer-sphere interaction appears to be crucial, since 
it facilitates coordination of N7. Inspection of plastic or graphic 
models of [Rh(tren)(H20)(5'-AMP-Ar7)]+ (1-5'-AMP) reveals 
that the 5'-PO4 is ideally positioned for H bonding with the tren 
and H2O ligands (Figure 2). 

Further evidence for the outer-sphere role of the 5'-PO4 group 
in the formation of 1-5'-AMP is found in the absence of N7 
coordination in the Rh(tren) complexes formed with both 3'- and 
2'-AMP. For complexes of these nucleotides, the 1H signal did 
not shift significantly; the principal spectral change was a 7-10 
ppm downfield shift of the 31P NMR signal, indicative of phos
phate group coordination. The position of the phosphate groups 
of these nucleotides is not correct for an outer-sphere role in 
promoting N7 coordination as illustrated for the hypothetical 
N7-bound 3'-AMP in Figure 2. 

As expected from the Guo results, 5'-GMP initially forms an 
analogous N7-bound complex, 1-5'-GMP (f1/2 ~ 1 h). However, 
after 24 h, this species converted into a second complex II-5'-GMP 
(tl/2 ~5 h). The chemical shift of the H8 signal of this species 
at 8.41 ppm can be compared with values of 8.89 ppm for 1-5'-
GMP and 8.14 ppm for 5'-GMP, respectively. The H l ' signal 
is a doublet at 5.93 ppm for 1-5'-GMP and at 5.88 ppm for 
5'-GMP, but a singlet at 6.02 ppm for II-5'-GMP. Furthermore, 
the H2' signal has shifted downfield to 5.2 ppm from 4.8 ppm 
in the free nucleotide. This pattern of shifts is characteristic of 
an ^ ,5 ' -PO 4 chelate.9"12 Distortion of the sugar ring into an N 
pucker (^HI'-Hr ~ O) accounts for the singlet, and the placement 
of H2' in the guanine base deshielding region accounts for the 
downfield shift.12 The same behavior was observed for 5'-IMP 
and 5'-dGMP. The 31P signals for these complexes have shifted 
downfield by 5-7 ppm, a shift also consistent with chelation. We 
conclude that 1-5'-GMP and II-5'-GMP are [Rh(tren)(H20)-
(5'-GMP-A7)]+ and [Rh(tren)(H20)(5'-GMP-A^,5'-/'04)]+, 
respectively. 

1-5'-AMP and I-5'-dAMP also convert to second species, II-
5'-AMP and II-5'-dAMP (?1/2 ~24 h and 20 h, respectively), with 
some spectral characteristics of an A^,5'-P04 chelate (H8 at 8.55 
ppm, 7Hi'-H2' = 4.4 Hz, and H l ' at 5.88 ppm for 5'-AMP; H8 
at 8.43 ppm, JHv-m~= 5-6 Hz, and H l ' at 6.23 ppm for 5'-dAMP; 
5-6 ppm downfield shift of the 31P signal). In the only reported 
5'-dAMP A^,5'-P04 chelate, [Cp2Mo(5'-dAMP-A^,5'-/»04)], 
^HI'-H? 1S 4-6 Hz.13 The reason for this difference between 5'-AMP 
and 5'-GMP chelates, including the absence of a large downfield 
shift of the H2' signal for 5'-AMP, is not clear. 

One problem encountered when Ado and 5'-AMP reactions are 
followed by 1H NMR is the relatively fast rate of H8 exchange 
in D2O. After 24 h at 60 0C, ~70% of the original H8 signal 
has been lost. To follow changes in the H8 peak, the reactions 
were also carried out in H2O.16 The fast formation (?,/2 < 2 h) 
of I-5'-AMP,/o//owerf by slow conversion to a second complex, 
was confirmed. 

The role that the phosphate group plays in directing the attack 
of a metal center on a nucleobase has been the subject of spec
ulation.7'17 Our results demonstrate that a 5'-phosphate can direct 
nucleobase coordination. Qualitative molecular modelling with 
unperturbed B-DNA suggests that H-bond donor ligands equa
torial to the axial attack direction could form H bonds to phosphate 
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oxygens. The role such interactions may play in the attack of 
Pt(II) anticancer drugs on DNA17,18 merits investigation. Unlike 
our Rh(III) results, the Pt(II) drugs readily form adducts with 
both Ado and 5'-AMP,11 and therefore the outer-sphere role of 
the phosphate group is difficult to detect experimentally. The 
clear demonstration of the formation of an 7^,5'-PO4 chelate with 
a fourth metal center, Rh(III), in addition to recently discovered 
examples with Pt(II),10-11 Ru(II),12 and Mo(IV),13 in the short 
time since the initial recognition of the characteristics of such 
species in 198610 argues that such chelates may indeed be ubi
quitous, although elusive, species in metal nucleotide chemistry. 

Acknowledgment. We thank the National Science Foundation 
for a Visiting Professorship for Women award (Grant RI8943103 
to L.M.T.) and the National Institutes of Health (Grant GM 
29222 to L.G.M.) for support. The NMR instrumentation was 
generously supported by NIH and NSF grants to Emory Univ
ersity. We also thank Mr. Srinivasan Mukundan for his assistance 
with molecular graphics. 

(18) (a) Lippert, B. Progress in Inorganic Chemistry; Lippard, S. J., Ed.; 
John Wiley and Sons: New York, 1989; Vol. 37, p 23. (b) Bruhn, S. L.; 
Toney, J. H.; Lippard, S. J. Progress in Inorganic Chemistry; Lippard, S. J., 
Ed.; John Wiley and Sons: New York, 1990; Vol. 38, p 478. 

(19) Sakurai, T.; Kobayashi, K.; Hasegawa, A.; Tsuboyama, S.; Tsubo-
yama, K. Acta Crystallogr., Sect. B 1982, 38, 1154. 

(20) (a) Collins, A. D.; De Meester, P.; Goodgame, D. M. L.; Skapski, A. 
C. Biochim. Biophys. Acta 1975, 402, 1. (b) Chiang, C. C; Epps, L. A.; 
Marzilli, L. G.; Kistenmacher, T. J. Inorg. Chem. 1979,18, 791. (c) Sletten, 
E.; Thorstensen, B. Acta Crystallogr., Sect. B 1974, 30, 2438. 

(21) Mukundan, S., Jr.; Xu, Y.; Zon, G.; Marzilli, L. G. J. Am. Chem. 
Soc. 1991,113, 3021. For a consideration of appropriate conformations, see: 
Sherman, S. E.; Gibson, D.; Wang, A. H.-J.; Lippard, S. J. J. Am. Chem. Soc. 
1988, //0,7368. 

The Structure and Remarkable Stability of a 
Perpyridinium-Substituted AHyI Radical 

Stephen G. DiMagno, Kenneth C. Waterman, 
Drew V. Speer, and Andrew Streitwieser* 

Department of Chemistry 
University of California, Berkeley 

Berkeley, California 94720 
Received February 25, 1991 

. Revised Manuscript Received March 28, 1991 

Allyl radical, the simplest example of a conjugated hydrocarbon 
possessing an unpaired electron, has been the subject of many 
theoretical and experimental studies. Recent multiconfiguration 
self-consistent field (MCSCF) calculations have shown that allyl 
radical has C20 symmetry,1 in agreement with the experimental 
data from electron diffraction2 and electron spin resonance.3 

Several examples of stable allyl radicals include 1,1,3,3-tetra-
phenylallyl,4 the polycrystalline l,3-bis(diphenylene)-2-(p-
chlorophenyl)allyl5 and trifluoromethyl-substituted allyl radicals.6 

To our knowledge no crystal structure has been reported for an 
allylic radical. Here we report the preparation, properties, and 
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