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The biphasic kinetics observed in the reaction of Ni(tmc)+ with 
the benzyl and substituted benzyl complexes indicate that the 
one-electron reduction of eq 6 is followed by further reduction 
of the long-lived RCo(dmgBF2)2A- by Ni(tmc)+, eq 9. Such a 
RCo(dmgBF,),A- + Ni(tmc)+ - 

RCo(dmgBF2)2A2- + Ni(tmc)2+ k2 (9) 

chemistry is reasonable on several grounds. Our results showed 
already that 4-BrC,H4CH2Co(dmgBF2)2A- has a relatively long 
lifetime: it was prepared electrolytically in solution prior to being 
cooled to 100 K for the ESR experiment. Also, the reduction 
potential of a number of R C O ( ~ ~ ~ B F ~ ) ~ - / ~ -  couples (R = alkyl) 
in dmf have values around -1 V vs SCE.I6 We expect that the 
benzyl derivatives should be even easier to reduce, which makes 
reaction 9 thermodynamically favorable (El12(Ni(tmc)2+/+) = 

The longer lifetime of RCo(dmgBFJ2A- for R = benzyl relative 
to R = alkyl can be easily rationalized. One decomposition mode, 
eq 3b, is eliminated by the lack of a @-hydrogen, and the hydrolysis, 
eq 3a, is severely inhibited by the ability of the benzyl group to 
delocalize electron density efficiently. The a-carbon in the reduced 
complex is thus less carbanionic, and solvolysis is slower than in 
the reduced alkyl complexes. The same reactivity pattern is 
observed in organometallic complexes in “normal” oxidation states. 

-1.10 V vs SCE). 
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The hydrolysis of the parent organocobalt(II1) complexes, 
RCo(dmgBF2)2H20, is too slow to be observed for any of the 
organic groups, but the more reactive organochromi~m(I11)~~ and 
organonickel( II)32b complexes hydrolyze more readily when R is 
alkyl than when it is benzyl. 

A different trend is observed in homolytic cleavages of met- 
al-carbon bonds. As expected, the release of the benzyl radicals 
is faster than the release of primary alkyls and comparable to that 
of secondary alkyls. 

Surprisingly, the nucleophilic attack by water on one-elec- 
tron-oxidized organocobaloximes, RCo(dmgH)2H20+, is faster 
for R = benzyl than for the primary alkyls?- although one would 
expect the opposite on the basis of the above charge delocalization 
argument. In this case, it is possible that a homolytic path con- 
tributes to the decomposition of R c 0 ( d m g H ) ~ H ~ 0 + ,  as was ob- 
served for a number of other oxidized organometallic complexes. 
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The compounds [Pt(NH3),][5’-GMP].5H20, [Pt(en),l[5’-GMPI.4H20, [CO(NH~)~]~[~’-GMP],.I~H~~, and [C0(en)~1~[5‘- 
GMPI3.14H20, where en = 1,Zdiaminoethane and 5’-GMP = guanosine 5’-monophosphate, have been synthesized and char- 
acterized. In  addition to electrostatic interactions, hydrogen-bonding interactions between the N-H sites on the ligands and the 
5’-GMP have been identified in all four solids by means of FT-IR spectroscopy. In [CO(NH~)~]~[~’-GMP]~.I~H~O hydrogen 
bonding is occurring between the NH3 donor and the N 7  site of the guanine. In  the other three compounds, both the N7 and 
0 6  sites of the guanine act as hydrogen-bond-acceptor sites. Additional hydrogen bonding between the cation and the 5’-GMP 
phosphate is possible in all four compounds. This could be to the same cation as the guanine is binding or to a different cation. 
NMR studies show that cation-anion interactions, including hydrogen bonding, persist in solution for [Pt(en)J [5’-GMP] and 
[Co(en),],[S’-GMP],, even in very dilute solutions of the latter. Evidence comes from the concentration dependence of the 3JR-H 
coupling constant in [Pt(en),] [5’-GMP] and improved resolution of the CH2 multiplet in [ C O ( ~ ~ ) ~ ] ~ [ ~ ’ - G M P ] ~ .  5’-GMP (4-p) 
selectively precipitates [A-(+)-Co(en)J3+ from racemic [Co(en)J3+. Models show that the [A-(+)-Co(en)J3+ enantiomer can 
hydrogen-bond much more effectively to the 5’-GMP than the [A-(-)-Co(en),13+ enantiomer. 

Introduction 
Compound formation between transition-metal ions and nu- 

cleotides, including mononucleotides, oligonucleotides, and nucleic 
acids, has been known for many When the nucleotide 
contains guanine as the base, the transition metal typically binds 
covalently to the N7 atom of the guanine.’-3 In many compounds, 
hydrogen bonding between a ligand on the metal and the nu- 
cleotide provides an important secondary binding site. This hy- 
drogen bonding can occur with a site on the nucleobase, with the 
phosphate, or with b ~ t h . l * ~ - ~  

( 1 )  Martin, R. B.; Mariam, Y .  H. In Meral Ions in Biological Systems; 
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Biochim. Biophys. Acra 1974, 353, 392 and references therein. 

0020-1 669/91/ 1330-3414$02.50/0 

In the case of Pt(II)S-9 and CO(II I ) ’~  ammine complexes, hy- 
drogen bonding of the ammine ligand to the nucleotide has been 
found to have an important influence on the biological structure 
and reactivity of the nucleotide or nucleic acid. For example, the 
antitumor drug cis-diamminedichloroplatinum(I1) and its ana- 
logues exhibit higher drug activity when they are able to hydro- 
gen-bond to the nucleic acid in addition to the primary Pt-nu- 
cleobase bond.” With nucleic acids, the principal hydrogen- 
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bonding interaction is between a Pt-ammine N-H and a phosphate 
of the nucleic acid.**9 With 2’-deoxyguanosine S’-monophosphate, 
Y-dGMP, evidence from UV resonance Raman studies has been 
found for hydrogen bonding between the Pt-ammine and the 
carbonyl 0 6  of the 5’-dGMP a similar interaction was found in 
a Ni-aqua compound.I2 [CO(NH~)~]’+ and [ R u ( N H ~ ) ~ ] ~ + ,  ions 
that stabilize the Z form of DNA,” bind to guanine-containing 
oligonucleotides via electrostatic interactions with the phosphates 
and hydrogen bonding to the guanine bases.IoJ4 In these systems, 
a study of the hydrogen-bonding interactions is complicated by 
the metal-guanine covalent binding and by the complexity of the 
oligonucleotides. 

The use of coordinatively saturated metal cationic complexes 
that are inert to substitution can lead to the formation of out- 
er-sphere complexes with nucleotides and allows the study of only 
electrostatic and hydrogen-bonding effects. The observation of 
hydrogen bonding for such compounds in the solid state might 
be anticipated, but its persistence in solution in the absence of 
metal-nucleotide covalent bonding is likely to be highly system- 
specific. Cini et aLis have reported one such system in which 
NMR relaxation data and molecular mechanics calculations were 
used to infer cation-anion hydrogen bonding in a solution of 
[Cr(H20)6]3+ and H I M P  ions, the interaction sites being the 
phosphate and the N7 and 0 6  of the inosine. On the other hand, 
as a result of its different structure and protonation, H2AMP only 
interacts via its phosphate. 

We have used the coordinatively saturated, diamagnetic, inert 
complex cations [ Pt(NH3)J2+, [ Pt(ed2]  2+, [ CO(NH3)6] ’+, and 
[Co(en),]” with the dianion of guanosine 5’-monophosphate, 
5’-GMP (I). Hydrogen-bonding interactions between the aro- 

I 5’ 
@-OCH 0 

i Y \  

OH O H  

5’-GMP (I) 
matic portion of 5’-GMP and the amine ligands have been ob- 
served for all of the solid compounds. The interaction sites depend 
upon the exact nature of the metal cation. ‘H NMR spectra show 
that ion-pair formation occurs in solution, with indications that 
hydrogen bonding persists in [Pt(en)2] [5’-GMP] and [Co- 
M31 ,[5’-GMPl3. 
Experimental Procedures 

Matcrlrls. Na2(5’-GMP).3.5H20 and H2(5’-GMP).H20 were pur- 
chased from Sigma Chemical Co. Li2(5’-GMP) was prepared from 
H2(5’-GMP) by published procedures.i6 PtCI,, [Pt(en),]CI2, 
(2R,3R)-(+)- and (=.3S)-(-)-tartaric acid, and D20 (99.8 atom %) 
were purchased from Aldrich Chemical Co. and used as received. [Co- 
(NHl)6]CIl,i7 [ C O ( ~ ~ ) , ] C I ~ ~ ~ H ~ O , ~ ~  [A-(+)-Co(en),]Cl(2R,3R-(+)- 
tartrate)([ulD: exp, +95 (c = 1.66); lit., +102), and [A-(-)-c~(en)~]- 
C1(2S,3S-(-)-tartrate)I9 ([aID: exp, -91 (c = 1.01); lit., -103) were 
prepared by published procedures. [A-(+)-Co(en),]l, ([a]D = +84 (c 
= 3.49) was a gift from Dr. Frank Walmsley. All other chemicals used 
were reagent grade. 
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de Putte, P. Srrucr. Bonding 1987, 67, 53. 
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Instrumental Methods. The concentrations of 5’-GMP in solutions 
were determined by UV spectroscopy: c2J2 = 1.37 X 104 M-l cm-l at pH 
7.20 1R spectra were run on a Mattson Polaris Fourier transform in- 
frared spectrometer as Nujol mulls (resolution of 2 cm-I) and as KBr 
pellets. The data from the pellet spectra were not used due to suspected 
interaction of the KBr with the 5’-GMP. 
’H NMR spectra were run in D20 on a General Electric QE-300 

multinuclear spectrometer at 300.7 MHz. Inclusion of 0.2 mM EDTA 
in the samples narrowed the lines by the complexation of paramagnetic 
impurities but did not affect the chemical shift values. DSS or the 
tetramethylammonium ion (TMA+; conversion factor to the DSS scale 
is 3.185 ppm) was used as an internal reference. When necessary, 
spectral deconvolution to determine the Pt-H coupling constant in [Pt- 
(en)#+ complexes was done by using the GE Charm software. 
spectra were obtained on the same instrument at 121.7 MHz with con- 
centrated phosphoric acid used as an external reference. 

The optical rotations were measured with a Steeg & Reuter polarim- 
eter using Na D radiation and either I -  or 2-dm cells. The specific 
rotation is reported as (actual rotation)/[(path length, dm)(concn., g/ 
mL)]. The pH values of solutions were determined with a Fisher Ac- 
cumet 825MP meter; pD values = meter reading + 0.4. For adjustment 
of the pD of solutions in NMR tubes, a long glass electrode (Ingold, 
3-mm 0.d.) was used. 

Synthesis of Compounds. All syntheses were done in deionized, re- 
verse-osmosis water. The pH of individual metal and 5’-GMP solutions 
was adjusted to 7-8 before reaction. The elemental analyses were per- 
formed by Midwest Microlab (Indianapolis, IN), and agreement between 
experimental and theoretical values is marginally satisfactory for some 
of the compounds. We believe this is the result of ( I )  the uptake of 
organic solvents (probably by 5’-GMP) that were impossible to remove 
under moderate drying conditions, (2) variation in the number of waters 
of hydration, which was quite sensitive to the synthetic procedure, and 
(3) possible difficulties in obtaining accurate experimental percentages 
due to the nature of the compounds. Ratilla et al. experienced similar 
analytical difficulties with some Pt(I1) complexes.2i Ligand dissociation, 
which might be suspected as a cause, has been ruled out on the basis of 
NMR chemical shift and integration values. 

Cobalt analyses were done by an EDTA titration using pyridine for 
final adjustment of the pH to 5.5 and SNAZOXS as the indicator.u 
Prior to titration, [CO(NH,)~]~+ complexes were decomposed by heating 
in a small amount of 6 M NaOH, and [Co(en),13+ complexes were 
heated strongly in air to convert the Co to its oxides. The decomposed 
samples were dissolved and neutralized with 12 M HCI. 

Pt(NH,),CI2-H20. PtCI, (0.30 g) was dissolved in 20 mL of concen- 
trated HCI with heating. The solution was diluted with 20 mL of 
deionized H20  and filtered to remove a small amount of black residue. 
The solution was divided into two equal portions and used to prepare 
Magnus’ salt, [Pt(NH3)J[PtC14].U The remainder of the synthesis 
followed published proced~res.2~ 

[Pt(NH,),IS’-CMP~5H20. A 0.247-g sample of Pt(NHl)4C12.H20 
dissolved in 8.0 mL of deionized H20 was reacted with 7.5 mL of 0.093 
M Li2(5’-GMP). The pH of the final solution was 7.7. The solution was 
evaporated to 5 mL, and a white solid was precipitated by addition of 
100 mL of methanol. The solid was filtered off, washed with methanol, 
and dried in a desiccator over P4OiO (99% yield). The product gave a 
negative test for C1- with acidic AgNO, solution. Anal. Calcd (exp) for 

1R data (Nujol; 1800-400 cm-l): 1680 (s), 1639 (s), 1605 (s), 1576 (m), 
1533 (m), 1366 (s), 1346 (s, sh), 1314 (m, sh), 1208 (w), 1171 (w), 1108 
(s, b), 1080 (s, b), 973 (s), 899 (w), 872 (w), 799 (m), 780 (m), 687 (w), 

8.1): 6 8.18 (s, H8), 5.90 (d, HI’, Ji,-2, = 5.7 Hz), 4.75 (m, H2’), 4.50 
(m, H3’), 4.34 (m, H4’), 4.03 (m, H5’, H5”). lip NMR: 6 4.42. 

[Pt(en)21S’-CMP~4H20. A 0.300-g quantity of Pt(en),CI, was dis- 
solved in 8.0 mL of a 0.097 M solution of Li2(5’-GMP). The solution 
was evaporated to dryness under reduced pressure, the resulting solid 
dissolved in 5 mL of deionized H20, and the product precipitated by 
addition of 100 mL of methanol. The white solid was filtered off and 
washed with methanol. It was dried in a desiccator over Drierite or P4OIo 
(90% yield). The product gave a negative test for Cl-. Anal. Calcd (exp) 
for C14H36N9012PPt: C, 22.46 (23.66); H, 4.85 (4.59); N, 16.85 (16.08). 

CloH34N90i3PPt: C, 16.80 (17.37); H, 4.80 (4.58); N, 17.65 (15.98). 

641 (w), 582 (vw), 538 (w), 515 (w, sh). ’H NMR (0.089 M, D20, pD 
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IR data (Nujol; 1800-400 cm-I): 1679 (s), 1635 (s), 1606 (s), 1576 (m), 
1532 (m), 1365 (s, sh), 1306 (m), 1262 (w), 1170 (m), 1107 (s, sh), 1077 
(s, b), 1058 (s, b), 972 (s), 900 (w), 863 (vw), 818 (sh), 798 (m), 781 
(m), 739 (m, sh), 685 (w), 644 (vw), 583 (w), 532 (w), 517 (w). ‘H 
NMR (0.091 M in D20, 0.2 mM EDTA, pD 8.1; reference DSS): 6 8.19 
(s, H8), 5.91 (d, HI’, J l c y  = 5.4 Hz), 4.77 (m, H2’), 4.50 (m, H3’), 4.34 
(m, H4’), 4.05 (m, HS’, HS”), 2.63 (s, en). ’IP: 6 4.41. 
[CO(NH,),]~[~’-GMP]~.~~H~~. A 2.0-mL portion of 0.20 M [Co(N- 

HJ)@J (pH 8) was added slowly to 6.0 mL of 0.10 M Na2(5’-GMP). 
An orange precipitate began to form with the addition of the first drop 
of [Co(NH3),]C13 and continued to increase in amount with the addition 
of the remainder of the Co complex. The mixture was cooled in  a 
refrigerator and suction-filtered; the orange solid was washed with small 
portions of cold deionized H20 and dried in a desiccator (54% yield). 
Anal. Calcd (exp) for CMH98N27037P3C02: C, 21.97 (22.30); H, 6.02 
(5.69); N, 23.06 (22.36); Co, 7.19 (7.97). IR data (Nujol; 1800-400 
cm-I): 1716 (s), 1688 (s), 1637 (s), 1607 (s), 1577 (m), 1531 (m), 1366 
(s), 1342 (s, sh), 1311 (m, sh), 1209 (w), 1171 (m), 1136 (sh), 1066 (s, 
b), 970 (s), 891 (w), 872 (w), 818 (sh), 798 (m), 777 (m), 734 (m, sh), 
682 (w), 637 (w), 563 (w), 528 (w), 500 (w), 445 (vw). ‘H NMR 
([5’-GMP] = 0.015 M, D20, pD 7.9; reference DSS): 6 8.22 (s, H8), 
5.94 (d, HI’, 51,-29 = 6.6 Hz), H2‘obscured by the HOD line, 4.49 (m, 
H3’), 4.32 (m3 H4’), 4.00 (m, H5’, H5”). 
[CO(~~),MS’-GMP]~.~~H~O. A 5.0-mL portion of 0.20 M [Co- 

(en)3]CI, (pH adjusted to 8.1 with NaOH) was added to 10.0 mL of 0.10 
M Na?(S’-GMP) (pH 7.8). The resulting orange solution was stored in 
the refrigerator for 2 days, during which time an orange precipitated 
formed. The solid was separated from the mixture by suction filtration, 
washed with a small amount of cold. deionized H20, and dried in a 
desiccator. Anal. Calcd (exp) for C,2H112N27038P3C02: C, 27.80 
(28.50); H, 6.22 (5.29); N, 20.85 (19.30). IR data (Nujol; 1800-400 
cm-I): 1691 (s), 1650 (sh), 1601 (s), 1580 (s, sh), 1531 (m), 1342 (s, 
sh), 1309 (m), 1260 (w), 1208 (vw), 1169 (m), 1111 (sh), 1077 (s, b), 
1057 (s, sh), 1015 (s, sh), 969 (s), 861 (vw), 898 (w), 822 (sh), 797 (m), 
779 (m), 690 (w), 638 (vw), 563 (w), 533 (w), 502 (w), 451 (vw). IH 
NMR ([5’-GMP] = 0.017 M, D20, pD 8.4,0.2 mM EDTA; reference 
DSS): 6 8.21 (s, H8), 5.92 (d, HI’, JIc2, = 6.0 Hz), H2’ obscured by 
HOD, 4.49 (m, H3’), 4.32 (m, H4’), 4.00 (m, H5’, HS”), 2.79 (m, en). 
,lP NMR: 6 4.63. 

[Co(en),]~S’-GMP~l IH20C~&0.0.5 C2HsOH. This compound was 
prepared as above except that, after filtration of the orange product, it 
was washed with ethanol and then acetone. Anal. Calcd (exp) for 

(19.95); Co, 6.40 (6.28). Drying of this compound at 80 O C  for 2 h did 
not remove all of the organic solvate. 

Results 
Only one 5‘-GMP compound was formed with each of the 

complex cations employed, regardless of the stoichiometry of the 
reaction mixture. With [Co(NH,),$+, Co:5’-GMP mole ratios 
of 1:6,2:3, and 1:l were used. Extensive Co and 5’-GMP analyses 
of the products confirmed the 2:3 stoichiometry (uncertainty 10%) 
in all cases. For the Pt compounds, starting Pt:5’-GMP mole ratios 
of 1:1 and 1:2 were used, with only the 1:l  compound formed. 
Intergration of the ‘H NMR 5’-GMP H8 and en signals of so- 
lutions agreed closely with the theoretical values. Some uncer- 
tainty in the number of waters of hydration in the compounds 
results from uncertainty in the elemental analyses and from the 
sensitivity of the compounds to isolation and drying procedures. 
The number of water molecules appears to be dependent on the 
number of 5’-GMP anions, with four to five HzO per 5’-GMP 
found irrespective of the cation. 

Liz(5’-GMP) was used as the starting nucleotide for the Pt 
compounds rather than the Na salt because the Pt-5’-GMP 
compounds were very soluble in water as was the alkali-metal 
chloride byproduct. Precipitation of the Pt nucleotides with 
methanol allowed them to be separated from the soluble LiCl. 

FT-IR Spectra. The spectra of the solids run as Nujol mulls 
were used to detect hydrogen-bonding interactions involving the 
5’-GMP ring system and structural changes in the ribose moiety. 
The spectra in the 1800-400-cm-’ range are dominated by the 
absorptions of the 5’-GMP moiety; the cation absorption bands 
are buried beneath the broad and more intense nucleotide bands. 
The spectra of [Pt(NH3)4] [5’-GMP]*5H20, [Pt(en)2] [5’- 
GMP14H20, [Co(NH3),I2[5’-GMPl3.l3H~O, [Co(en),I2[5’- 
GMP13.I 4H20,  and Na2(5’-GMP).3.5H20 are shown in Figure 
1. A striking feature of the spectra is the close similarity of all 

C,H,,sN27036,jP$02: C, 30.00 (30.46); H, 6.29 (5.47); N, 20.54 
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Figure 1. Solid-state FT-IR spectra as Nujol mulls: (A) [Pt(NH3),]- 
[5’-GMP]-5H20; (B) [Pt(en)J [5’-GMP].4H20 (C) [CO(NH,)~]~[~’- 
GMP],.I 3H20; (D) [CO(~~),]~[~’-GMP],.I~H~O; (E) Na2(5’-GMP)- 
3.5H2O. 

of the solid-state spectra, except that of Na2(5’-GMP). The most 
apparent changes in the spectra, as compared to that of the starting 
Li or Na salt of 5‘-GMP, were found in the carbonyl stretching 
vibration (1710-1680 cm-I) and in the 850-825-cm-’ region; the 
latter contains a marker band for ribose pucker.24 The data are 
summarized in Table I, and complete IR data are found under 
Experimental Procedures. An expansion of the 850-600-~m-~ 
region is given in Figure 2. 

Compared to that of Na2(5’-GMP).3.5H20, the v(C=O) vi- 
bration is shifted to lower wavenumbers for all of the compounds 
except [CO(NH~),]~[S’-GMP]~.~~H~O. A shift to higher wave- 
number, as shown by [Co(NH3),]2[5’-GMP],, is known to occur 
upon protonation, methylat i~n?~ or metalation12 at the N7 gua- 
nine-ring position. This is a result of the polarzing effect on the 
ring system, which strengthens the C = O  bond. Hydrogen bonding 
to N7 is expected to have a similar effect. Hydrogen bonding 

(24) Okamoto, K.; Benham, V.; Theophanides, T. Inorg. Chim. Acta 1987, 
135, 207. 

(25) Okamoto, K.; Benham, V.; Minh Tan Phan Vict; Polissiou, M.; Gau- 
thier, J.-Y.; Hanessian, S.; Theophanides, T. Inorg. Chim. Acta 1986, 
123, L3. 
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Table I. Infrared Data (Nujol Mull) 
u( CEO) /cm-l Au(C=O)/cm-l a u( ribose)/cm-l 

[Pt(NH,)rl[5'-GMP1*5H20 1681 +15 803 (816 sh) 
[Pt (en),j [ ?lG MP] .4H20- 

[ Co(en)JZ[ 5'-GMPl3.I 4Hz0 
Naz(S'-GMP).3.SH20 
N7-Ht(5'-GMP)b in KBr 
cis- [ Pt (N H3)2( 5'-G MP)z] 2- 

[Co(N H3)6]2[ 5'-GMP]j*I 3H2O 
1680 
1717 
1691 
1696 
1705 
1694 

a~(C=)N,2(5..GMP) - V ( C = O ) ~ .  Reference 27. Reference 25. 

T 32 

28 

~ 

- 

d 

E 1 
800 720 640 560 400 

w w m u m b e r s  

Figure 2. Solid-state FT-IR spectra as Nujol mulls (expansion of 850- 
400-cm-I region): (A) [Pt(en),] [5'-GMP].4H20; (B) Na2(5'-GMP). 

between an NH3 hydrogen atom and N7 of the guanine ring is 
possible and would account for the direction of the observed change 
in the carbonyl frequency in [ C O ( N H ~ ) ~ ] ~ [ ~ ' - G M P ] ~ .  While one 
might expect that N 7  hydrogen bonding would have a smaller 
effect on u ( C 4 )  than protonation, the reverse is observed: 
(Co(NH3),12[5'-GMP],, -21 cm-I; M - H +  (5'-GMP), -9 cm-l 
(see Table I). Other anomalous changes are reported in the 
literature, and it appears that it is not possible to predict the 
relative magnitude of the frequency shift. For example: for UV 
resonance Raman spectra in H20,  u ( C 4 )  in N7-H+ (5'-dGMP) 
shifts to higher frequency by 25 cm-' while the Pt(I1) in cis- 
Pt(NH3),-(5'-dGMP) (1:2 complex) causes only a 9 cm-' shift.I2 

Shifts of u(C-0) to lower wavenumbers are observed for 
[ C ~ ( e n ) ~ j ~ [  5'-G MPI3, [Pt(NH,),] [ 5'-GMP], and [Pt(en)J [5'- 
GMP]. Hydrogen bonding either to the carbonyl group alone26 
or simultaneously to C = O  and N7 of 5'-GMP are known to cause 
a decrease in the carbonyl frequency, and IR data alone cannot 
distinguish between the two possibilities. Examples of compounds 
that have both metakN7 covalent bonds and hydrogen bonding 
of a metal-coordinated ligand to C=O and that exhibit a low 
frequency shift of the carbonyl stretching vibration are cis-Pt- 
(NH,),-(S'-dGMP) ( I : ]  complex)I2 and a series of M(H20)5- 
(5'-GMP).xH20 compounds, where M = Mn(II), Co(II), Ni(II), 
or Cd(II).27 As discussed by Perno et al.,I2 the polarizing effect 
on the ring system due to N7 metalation, which strengthens the 
C=O bond, is opposed by hydrogen bonding to the carbonyl, 
which weakens the C=O bond. 

A second structural diagnostic region in the IR spectra occurs 
a t  850-800 cm-I, where marker bands for sugar conformation are 
found. A band near 820 cm-l indicates a C2'-endo ribose con- 
formation, while a band near 800 cm-I indicates a C3'-endo 
conformati~n.~' Our Pt and Co compounds have an absorption 
band at -800 cm-I with a weak shoulder at -817 cm-I, and 
therefore, the ribose exists primarily in the C3'-endo conformation 
(see Figure 2 and Table I). Na2(5'-GMP).7H20 has the C2'-endo 
c ~ n f o r m a t i o n , ~ ~ . ~ ~  while the commercial Na2(5'-GMP).3.5 H 2 0  

3.5H2O. 

+16 
-2 1 
+5 

-9 

802 (817 sh) 
798 (818 sh) 
797 (816 sh) 
822 (791 sh) 

799 

Table 11. 'H NMR Data (in D,O; DD 7.9-8.7) 

[ CO(NH~)~]  2[ 5'-GMP] 3' 1 3 HzO 

[Pt(NH3)4] [ S'-GMP].5HZO 
[ C ~ ( e n ) ~ ] ~ [  S'-GMPI3.14H20 

[Pt(en),] [5'-GMP].4H20 

[Pt(en)~lCh 
[Pt(en),]CIZ + Na2HP04 

Naz( 5'-GMP) 
Li2(5'-GMP) 

0.015 
0.017 
0.089 
0.091 
0.19 
0.27 
0.1 
0.1 each 
0.2 each 
0.01s 
0.17 

L 

8.212 
8.175 
8.190 39.6 
8.175 33.7 
8.181 32 

41.2 
40.2 
40.0 

8.206 
8. I77 

- 
I ' ' " I " " I " " I ' " ' I " ' ' I " " l ' ~ ' ' l ~ ~  
9 a 7 6 5 4 3 2 PPM 

Figure 3. Proton NMR spectrum of 0.091 M [Pt(en),][5'-GMP] in D 2 0  
(pD 8.1; internal reference DSS). The starred line is a methanol im- 
purity. Inset: Proton NMR spectra of the ethylenediamine resonance 
at 2.595 ppm in [Pt(en),][5'-GMP] (D20; pD 8.0-8.2): (A) 0.091 M; 
(B) 0.27 M. The symmetrically placed sidebands arise from three bond 
Pt-H coupling. 

has an absorption band at  822 cm-I and a should at  791 cm-l, 
indicating that the latter exists predominantly in the C2'-endo 
conformation, with a small percentage in the C3'-endo confor- 
mation. 

The bands that result from the coupled stretching vibrations 
of the six-membered and five-membered guanine rings overlap 
considerably, and it is difficult to ascertain whether changes are 
occurring in this region. There is an increase in intensity of the 
band near 1650 cm-I, but this may be a contribution from the 
H 2 0  bending mode since these compounds contain considerable 
water of hydration. 
NMR Spectra. Pertinent IH NMR data are summarized in 

Table 11, and the spectrum of 0.091 M [Pt(en)2][Y-GMP] in D20 
at pD 8.1 is shown in Figure 3. Complete N M R  data are given 
under Experimental Procedures. Exchangeable protons (N-H 

(26) Joesten, M. D.; Schaad, L. J. Hydrogen Bonding Marcel Dekker: New 
Yotk, 1974. 

(27) Tajmir-Riahi, H. A.: Theophanides, T. Can. J .  Chem. 1984, 62, 266. 

(28) Barnes, C. L.; Hawkinson, S. W. Acro Crystallogr. 1982, 838, 812. 
(29) Katti, S. K.; Seshadri, T. P.; Viswamitra, M. A. A m  Crystollogr. 1981, 

B37, 1825.  
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protons of the ammonia and en, N 1 H,  NH,, and O H  protons of 
the Y-GMP) are not observable in D20.  Ig5Pt ( I  = ‘ / 2 ;  34% 
natural abundance) satellites arise from coupling with the CH2 
protons of en. 

The chemical shifts and spinspin couplings of the resonances 
of the 5’-GMP anion are very similar in all four compounds and 
very similar to those for 0.10 M Na2(5’-GMP). Unlike those of 
Na2(5’-GMP), they change very little with increasing concen- 
tration. The absence of an appreciable upfield shift of the H8 
resonance with increasing concentration means that guanine base 
stacking is not occurring in solutions of the Pt(I1) compounds. 
The solubilities of the Co(II1) compounds are low, and appreciable 
base stacking would not be expected. 

We have not observed the formation of any material containing 
metal-N7 bonds, which would form if metal-amine dissociation 
occurred. In such a case, the H8 signal would be located several 
tenths of 1 ppm farther downfield than the 8.2 ppm observed for 
our compounds. For example, in adducts of Pt(NH3)2C12 with 
5‘-GMP,m*3’ 6 is found at  8.4-8.7 ppm, depending on the pH and 
on the number of 5’-GMP molecules (1  or 2) N7-bonded to Pt. 

The distribution of the ribose conformations in solution can be 
calculated from JH,,.H2,.32 Values of 5.4-6.6 Hz are measured 
for solutions of the Pt(I1) and Co(II1) compounds, where 6.0 Hz 
corresponds to a 62:38 mol 7% mixture of C2’-endo to C3’-endo 
conformers. The larger the coupling constant, the greater the 
percentage of CZ’-endo species. The values for 0.015 M Na2- 
(5’-GMP) and 0.17 M Li2(S’-GMP) are 6.3 and 6.0 Hz, re- 
spectively. Therefore, in solution, the ribose conformation in Pt(I1) 
and Co(II1) compounds is largely unperturbed, in contrast with 
that observed in the solid state. 

Coupling between either I S 5 P t  or 59C0 and the CH2 protons of 
en groups has an appreciable effect on the spectra. As shown in 
Table I1 and Figure 3 (inset), a concentration-dependent decrease 
in ,&-H of the [Pt(en)2]2+ ion occurs upon reaction with 5’-GMP2-. 
Spectral deconvolution was used to determine the coupling constant 
in the most concentrated solution, 0.27 M, in order to distinguish 
between a change in the coupling constant and an observed 
concentration-dependent line broadening. The line broadening 
could be due to an increased relaxation rate resulting from ion 
pairing of the cation to the large 5’-GMP2- ion. To further 
determine if the change in 3Jp(-H was the result of ion pairing, 
the N M R  spectra of equimolar mixtures of [Pt(en)2]C12 and 
Na2HP04 were obtained. At pD 8.1, these solutions consist of 
78 mol % HP0:- and 22 mol % H2P04-. The coupling constant 
was nearly the same as that for [Pt(en),]Cl, of the same con- 
centration and was not concentration dependent, indicating that 
cation-phosphate interactions alone cannot account for the reduced 
,Jp(-H observed for [Pt(en)2] [5’-GMP]. 

In the [Co(en),13+ cation, the en chelate rings are less com- 
formationally flexible than they are in [Pt(e11)~1~+, and the CH2 
protons constitute an AA’BB’ spin system that is broadened by 
coupling to 59C0 ( I  = 7/2; 100% natural abundance). Figure 4 
shows the en CH, multiplet for [Co(en),]CI,, a 2:3 mixture of 
[Co(en),]Cl, and Na2HP04, and [ C O ( ~ ~ ) ~ ] ~ [ S ’ - G M P ] ~ ,  all at pD 
7.5. Ion pairing is known to occur in solutions containing [Co- 
(en),]’+ and HP04,- ions.33 In spectra A and B of Figure 4, 
especially the former, the downfield half of the multiplet is 
broadened, and we infer that these protons (equatorial) are coupled 
more strongly to Co. Decoupling of 59C0 resolves the multiplet 
into a typical, nearly symmetrical AA’BB’ pattern.33 Similar 
results were observed for [ C o ( s e p ~ l c h r a t e ) ] ~ + ; ~ ~  sepulchrate is a 
cryptand that contains en units. In the [Co(en),j2[5’-GMP], IH 
NMR spectrum, a similar, but not quite so dramatic, improvement 

Farmer et  al. 

(30) Clorc, G. M.; Gronenborn, A. M. J .  Am. Chem. Soc. 1982,104, 1369. 
(31) Dijt, F. J.; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A. T. M.; 

Reedijk, J. J .  Am. Chem. Soc. 1984, 106. 3644. 
(32) %S (C2’-endo) = J , L ~ , / ( J , L ~  + J3,4,): Davies, K.  B.; Danyluk, S. S. 

Biochemisrry 1974, 13, 4417. 
(33)  Sudmeier, J .  L.; Blackmer, G. L.; Bradley, C. H.; Anet, F. A. J .  Am. 

Chem. SOC. 1972, 94,157. 
(34) Creaser, 1. 1.; Geue, R. J.; Harrowfield, J.  M.; Herlt, A. J.; Sargeson, 

A. M.; Snow, M. R.; Springborg, J .  J .  Am. Chem. Soc. 1982,104,6016. 

C 

*- 
- T T T l  ’ I I I I I I I I 

Figure 4. Ethylenediamine region of the IH NMR spectra of [Co(en)#+ 
in D 2 0  in the presence of various anions: (A) 0.052 M in [Co(en),]’+, 
0.074 M in HPO?-, pD 8.6; (B) 0.10 M [Co(en),]CI,, pD 7.9; (C) 6 mM 
[Co(en),l2[5’-GMP],, pD 8.4, referenced to TMA+ at 0.00 ppm. 

in resolution and near symmetrization of the en multiplet is found, 
but wirhour using 59C0 d e c o ~ p l i n g . ~ ~  The effect on the en protons 
in [Co(en),],[5’-GMPl3 is much greater than in the [Co- 
(en)3]3+-HP042- mixture, suggesting stronger phosphate inter- 
actions with the cation and/or additional [Co(en),13+-guanine 
base interactions. Small chemical shift changes are also observed 
and are most likely a result of 5’-GMP binding. 

NMR solution spectra of the Pt(I1) and Co(II1) complexes 
have single 31P resonances in the 4.4-4.6 ppm range, downfield 
from external 18 M H3P0,. Spectra of 0.17 M Li2(5’-GMP) and 
1.5 X IO-, M Na2(S’-GMP) show resonances at  4.44 and 4.47 
ppm, respectively. These values are typical of phosphate monoester 
d ian i~ns . ,~  Changes in the 0-P-O bond angle can cause large 
changes in the ,IP chemical shift,36 but this is not observed for 
these compounds. Hydrogen bonding of the phosphate has only 
small effects on the chemical shift,37 unless 0-P-0 bond angle 
changes accompany it. 

optid Rotation. In order to determine if 5’-GMP2- (P-D; [“ID 
= -26 for Na2(5’-GMP) at 20 “C) might be reacting with racemic 
[Co(en),13+ in a stereoselective manner, the specific rotation of 
a [CO(~~),]~[S’-GMP], sample was measured immediately after 
solution preparation from the isolated solid; [(Y]D = +go ( c  = 
0.145). To test if it was [A-(+)-CO(~~),],[&D-(-)-S’-GMP]~ that 
was forming in our reaction mixtures, pure samples of the two 
possible diastereomers were prepared from the corresponding 
A-(+)- or A-(-)-Co(er~),~+ tartrates, and their [CUI’S were mea- 

0.100). Therefore, the compound prepared from racemic Co- 
(en),Cl, is nearly pure [A-(+)-CO(~~)~]~[,~-D(-)-~’-GMP],. The 
IH NMR spectra of the two diastereomers were virtually identical 
and identical with that of the compound prepared from racemic 
[Co(en)3lCl,. 
Discussion 
On the basis of the IR data and CPK-model-building studies, 

the hydrogen-bonding interactions shown in Table 111 have been 
proposed. Structures that are consistent with all the data are given 
in Figure 5. In all the compounds, except [Co(NH3),],[5’- 
GMP],, hydrogen bonding between N-bound H atoms and both 
the guanine N7 and C - 0  are believed to be occuring. For 

- 0 . 2  -0 3 - 0 . 4  - 0 . 5  -&6 - 0 . 7  PPM 

sured: [A-(+)-Co(en),],[j3-~-(-)-5’-GMP]~, [CU]D = + I  11  (C = 
0.0996); [A-(-)-Co(en),12[&~-(-)-5’-GMP],, [CU]D = -90 (C = 

(35) Our instrumentation is not capable of X-band decoupling. 
(36) (a) Gorenstein, D. G. Annu. Reu. Biophys. Bioeng. 1981, 10,355. (b) 

Gorenstein, D. G. J .  Am. Chem. Soc. 1975, 97, 898. 
(37) Evans, F. E.; Kaplan, N.  0. FEES L r r .  1979, 105, 1 I .  
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Tabk 111. Hydrogen-Bonded Interactions in Solids 
sites on 5’-GMP 

phosphate, direct or via H 2 0  

phosphate, possibly via H 2 0  

phosphate via H 2 0  

site-s on amines 
[ Pt( NHI),] [ 5’-GMP]*5H20 N7 and C = O  - two NH, cis to each other 

[Pt(en)J [5’-GMP].4H20 N7 and C = O  

[CO(NH,)~]~[~’-GMP]~.I~H,O N 7  and phosphate via H 2 0  - two NH3 cis to each other 
[CO(~~)~]~[~’-GMP],.I~H~O N 7  and C - 0  - two NH2 cis to each other, but from different en’s 

- - - one NH,, trans to the bonded C - 0  
two NH2 cis to each other, but from different en’s 
one NH,, trans to the bonded C = O  

- one NH, cis to the other two 

‘Phosphate bonding could be to a cation different from that bonding to the guanine ring system. 

w 
A B 

A 
NHe 

w 
C ‘ D  

Figure 5. Proposed hydrogen-bonded structures: (A) [Pt(NH3)4] [5’- 
GMP]; (e) [ P ~ ( ~ I I ) ~ ] [ ~ ’ - G M P ] ;  (C) [Co(NH,)6]2[5’-GMP]3; (D) [A- 
(+)-Co(en),] ,[ 5’-GMP] ,. 
[ C O ( N H ~ ) ~ ] ~ [ ~ ’ - G M P ] ~ ,  the shift of the carbonyl stretching vi- 
bration to higher frequencies is consistent with hydrogen bonding 
to only N7, although the molecular models do not show any steric 
reasons that would preclude additional bonding to C=O. The 
reason may lie in PO,-cation interactions. Models show that if 
the [ C O ( N H ~ ) ~ ] ~ +  ion hydrogen-bonds only to N7, then a direct 
hydrogen bond between the phosphate and an N-H is possible, 
but with cation hydrogen bonding to both N7 and C = O ,  any PO4 
interaction would have to be through a hydrogen-bonded H20:  
03PO-H20-HN. A strong PO4-H-N bond could favor the 
former cation-guanine interaction, as our data suggest. 

Although the models presented in Figure 5 show bonding be- 
tween one cation and one anion, it must be remembered that, as 
a result of the stoichiometry of the Co(II1) compounds, more than 
one 5’-GMP2- must be associated with each cation. It is likely 
that polymeric structures are formed. A variety of possibilities 
exist; among them are bridging phosphates or phosphate binding 
to one cation with the base from the same 5’-GMP binding to 
another cation. Such structures are consistent with the rather 
low solubilities of the Co(I11) compounds. Polymeric structures 
may also w u r  for the Pt(II), but are not necessary to satisfy the 
stoichiometry. 

Although hydrogen bonding between a phosphate of a nu- 
cleotide and metal-coordinated H 2 P 3 *  or between a polynucleotide 
and metal-coordinated NH38*10*11*39 has been documeted, bonding 
of the phosphate via a hydrogen-bonded water (bridge) molecule 
is also possible. Molecular mechanics calculations on the [Pt- 
(N H3)4] 2+-H20-H2P04- system revealed that direct and 
through-water bindings of the cation and anion are energetically 
competitive.“‘ In  order for en in [CO(~~)~] , [S ’ -GMP] ,  to hy- 

(38) Gellert, R .  W.; Bau, R.  In  Meral Ions in Biologicol Systems; Sigel, H., 
Ed.; Marcel Dekker: New York, 1979; Vol. 8, pp 1-55. 

(39) Kline, T. P.; Marzilli, L. G.; Zon, G .  J .  Am. Chem. Soc. 1989, I l l ,  
7057. 

drogen-bond simultaneously to the N7, C=O,  and the phosphate, 
a water bridge is sterically required. For [Pt(NH3),] [Y-GMP] 
and [Pt(en)2][S’-GMP], models show that either direct or 
through-water binding to the phosphate is possible. However, if 
direct bonding is to occur, there must be a considerable change 
in the glycosidic torsion angle, xCN, although remaining in the 
anti range, and a considerable change in the conformation about 
the C4’-C5’ bond (from gg to gt).,I 

The stretching vibrational absorptions of the -P032- group, 
which are potentially informative, are not useful in these com- 
pounds. The strong -PO:- degenerate stretching 
found at  1078 cm-’ for Na2(S’-GMP).3.5H20, occurs at 
1070-1080 cm-’ for the Co(II1)- and R(I1)-5’-GMP compounds 
(Figure 1). This region also contains a number of intense ribose 
vibrations that overlap the -PO,- band and result in a very broad 
and poorly resolved band. The bands of the Pt compounds are 
somewhat narrower overall, but in general very similar to those 
of the Co(II1) compounds. The -P032- symmetric stretch is 
located at 969-973 cm-’ for all the comounds, a small shift from 
981 cm-’ for Na2(5’-GMP).3.5H20. 

Except for Na2(5’-GMP).7H20,Ba Na2(5’-GMP).3.5H20, and 
g ~ a n o s i n e e 2 H ~ 0 , ~ ~  the ribose conformation in the solid state of 
many 5’-GMP salts is C3’-end0.~ ,~~ Our Pt(I1) and Co(II1) 
compounds also have the C3’-endo ribose pucker in the solid state. 
The conversion from C2’- to C3’-endo conformation has variously 
been ascribed to hydrogen bonding between the ligand molecule 
and the phosphate, electrostatic interactions between an N7-bound 
group and the phosphate, or polarization effects on the guanine 
ring system,I2 but no one explanation fits all compounds. 
Phosphate groups seem to be required in some cases, but not in 
others.I2.“ We suggest that the cause may be inter-nucleotide 
interactions, such as base stacking and hydrogen bonding, in the 
solids. As determined from the magnitude of J , L ~ #  in dilute 
solutions, the C2’-endo conformation is present in the greater 
amount (about 60%) in our compounds and many others, including 
guanosine and the alkali-metal’6*45 and alkaline-earth-meta146 salts 
of 5’-GMP. As the concentration of the alkali-metal-5’-GMP 
salts is increased, strong interactions between the 5’-GMP moieties 
become o p e r a t i ~ e . ’ ~ * ~ ~ , ~ ’  At the same time, the ribose confor- 
mation shifts to increasing amounts of C3’-endo, the conformation 
found in A-RNA. 

The presence of the en ligand in [Pt(en)2][5’-GMP] and 
[Co(en)Jz[5’-GMP], serves as a probe for intermolecular and 
electrostatic interactions. Both the decrease in 3Jp,-H in the Pt(I1) 
compounds and the improved resolution in the Co(II1) compounds, 
which arises from a decrease in the 3JCTH coupling constant, are 
interpreted as resulting from interactions between the metal 
complex cation and the phosphate and guanine groups of 5’-GMP. 

Krauss, M.; Bash, H.; Miller, K. J. J .  Am. Chem. Soc. 1988,110,4517. 
Saenger, W. Principles of Nucleic Acid Structure; Springer-Verlag: 
New-York, 1984; pp 14-24. 
Tsuboi, M. In Basic Principles in Nucleic Acid Chemistry; Ts’O, P. 0. 
P., Ed.; Academic Press: ‘New York, 1974; Vol. 1, pp 399-452. 
Thewalt, U.; Bugg, C. E.; Marsh, R. E. Acro Crysrallogr. 1970, 826, 
1089. 
Kim, C. H.;Sarma, R. H. J .  Am. Chem. Soc. 1918, 100, 1571. 
Pinnavaia, T. J.; Marshall, C. L.; Mettler, C. M.; Fisk, C. L.; Miles, 
H .  T.; Becker, E. D. J .  Am. Chem. Soc. 1978, 100, 3625. 
Theophanides, T.; Polissiou, M. Inorg. Chim. Acra 1981, 56, L1. 
Walmsley, J.  A,; Barr, R.  G.; Bouhoutsos-Brown, E.; Pinnavaia, T. J. 
J .  Phys. Chem. 1984, 88, 2599. 



3420 Inorg. Chem. 1991, 30, 3420-3430 

The strongest type of interaction should be the electrostatic at- 
traction between the phosphate of 5’-GMP and the metal cation, 
and this alone might cause the observed effects. Ion pairing 
between [Co(en),13+ and H P 0 2 -  in solution” and cation-phos- 
phate interactions in solid [CO(~~)~]~[HPO~]~.~H~O~~ occur via 
hydrogen bonding between the N-H protons of en and the 
phosphate oxygens. CPK models show that, although the 5’- 
GMP2- ion is considerably larger than HP042-, if the 5’-GMP 
phosphate were the only site interacting with the cation, the 
guanine and ribose units would be sufficiently distant from the 
cation so as not to perturb it, and there should be no difference 
in the spectra of the HP042- and 5’-GMP2- compounds. The 
significantly improved resolution of the en proton resonances in 
the N M R  spectrum of [Co(en),12[5’-GMP], suggests that ad- 
ditional interactions with 5’-GMP are present (Figure 4). 

Changes in coupling constants occur as a result of changes in 
the geometry of the coupled nuclei. The most stable conformation 
of the ethylenediamine chelate ring is puckered, in which the CH2 
protons are gauche to each other.$O The metal-H coupling 
constant is dependent on, among other factors, the metal-N-C-H 
dihedral angle,5’ and a flattening of the en chelate ring pucker 
is consistent with the experimentally observed decrease in the 
metal-CH2 coupling constant. This makes the en NH,! protons 
sterically more accessible to hydrogen bonding with the guanine 
N7. Erickson et al. have qualitatively correlated ,Jpl-H with the 
Pt-N-C-H dihedral angle for a series of Pt(1I) amino acid 
complexes and concluded that the coupling constant decreases as 
the dihedral angle decreases from 180 to 0°.52 The fact that the 

~ ~~~ ~ 

(48) Mizuta, T.; Toshitani, K.; Miyoshi, K. Inorg. Chem. 1991, 30, 572. 
(49) Duesler, E. N.; Raymond, K. N. Inorg. Chem. 1971, 10, 1486. 
(50) Nakamoto. K. Infrared Spectra of Inorganic Coordination Compounds; 

John Wiley: New York, 1963; pp 187-189. 
(51) Appleton, T. G.; Hall, J. R. Inorg. Chem. 1971, 10, 1717. 

3Jpt-H does not decrease with increasing concentration in [Pt- 
(en)2]2+-HP042- solutions but does so in [Pt(ex~)~]  [5’-GMP] is 
further evidence for the persistence of cation-guanine base in- 
teractions in solution. 

5’-GMP (&D) stereoselectivity chooses the [A-(+)-Co(en),13+ 
enantiomer from the racemic reaction mixture on the basis of the 
lesser solubility of [A-(+)-CO(~~),]~[~’-GMP]~. Each of the pure 
diastereomers exists, and they were readily prepared by starting 
with enantiomerically pure [C~(en)~]’+.  CPK models show that 
the [A-(+)-Co(en),13+ ion can easily bond concurrently to the N7, 
C=O, and phosphate of the same 5‘-GMP without any appre- 
ciable distortion of the most common 5’-GMP conformation (anti, 
gg). However, the [A-(-)-Co(en),13+ enantiomer can only bind 
with difficulty to the phosphate when it is hydrogen-bonded to 
N7 and C=O. In this case, the orientation of the ethylene chain 
of en limits the accessibility of the nearest NH2 group for hydrogen 
bonding with the phosphate, even with a bridging water present. 
The lesser solubility of [A-(+)-Co(en),l2[5’-GMPI3 may result 
in part from the three-site binding between the cation and 5’-GMP. 

It has been shown that hydrogen bonds are formed between 
metal-coordinated amine ligands and the base of 5’-GMP in the 
solid compounds and that it is likely that they persist in solution, 
even in the competitive solvent water. Such interactions between 
nucleic acids and antitumor drugs or other metal complexes will 
increase the overall strength of the bonding and therefore lead 
to more effective control of certain reactions of nucleic acids. 
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The nature of the “base-on- effect, in which the base-on species of thermally labile alkylcobalamins is found to be labilized by 
102-103-fold relative to the base-off species or analogous alkylcobinamide, has been studied for benzyl- and neopentylcobalamin. 
Appropriate correction of the observed activation parameters of the alkylcobalamins in neutral solution for the Occurrence of 
significant amounts of the base-off species shows that the base-on effect is entirely entropic for these sterically hindered alkyl- 
cobalamins; the enthalpies of activation of the base-on and base-off species are essentially identical. Studies of the effects of 
exogeneous ligands on the thermolysis of the alkylcobinamides show that, within an isosteric series of 4-substituted pyridines, the 
carbon-cobalt bond is stabilized by increasing basicity of the trans axial ligand. I n  addition, for all four of the organic nitrogen 
donors studied, the alkyl(1igand)cobinamides are of comparable reactivity to that of the base-on alkylcobalamin. Even azide is 
shown to cause a significant base-on effect. Taken together with data from the literature, these results suggest that the base-on 
effect is primarily steric in nature, but it is the steric consequence of the presence of a strongly donating axial ligand that is important 
rather than the ligand’s steric bulk. With the aid of models, a picture of the steric activation of these alkylcobalamins for Co-C 
bond homolysis emerges in which steric crowding of the bulky organic ligand by the upward projecting acetamide side chains is 
the driving force for reaction. It is believed that in the base-off cobalamins (and in the cobinamides) the ground state is entropically 
stabilized by a distortion of the flexible corrin ring, which provides relief of the steric congestion. Tentative support for this idea 
is obtained from the thermodynamics of formation of the alkyl(1igand)cobinamide complexes. 

Introduction 
There remains great interest in the mechanism by which 5’- 

deoxyadenosylcobalamin (AdoCb1)-requiring enzymes activate 
AdoCbl by inducing homolysis of its carbon-cobalt bond. Hay 
and Finke’s study1-* of the thermolysis of AdoCbl demonstrates 
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that such enzymes can increase the rate of thermal homolysis by 
a factor of a t  least 1 O 1 O  at  25 OC. Most3 of the hypotheses for 
this mechanism invoke steric distortion of the coenzyme as the 
primary driving force promoting h o m o l y ~ i s . ~ ~ ~ - ~ ~  One such hy- 

( I )  Finke, R. G.; Hay, B. P. Inorg. Chem. 1984,23, 3041-3043; 1985, 24, 

(2)  Hay, B. P.; Finke, R. G. J. Am. Chem. SOC. 1986, 108, 4820-4829. 
(3) Krautler, B.; Keller, W.; Kratky, C. J. Am. Chem. SOC. 1989, 1 1 1 ,  

1278. 

8936-8938. 
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