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The triply hydrogen bonded complex between guanine and 
cytosine (I) is central to the structure of nucleic acids. The 
strength of the interaction is notable with a K1 of ca. I04-105 M"1 

in chloroform.1 Another complex (2) with a similar bonding 
pattern has also been found recently to have a AT, of 1.7 X 104 

M"1 in chloroform.2 The benefit of the third hydrogen bond is 

rr\ 
o 

Chart I 
Guanine - Cylosinc 

N 
I 

Il 

N 

.A 

apparent in view of the Ka's of 40-130 M"1 that are observed for 
complexes between nucleic acid bases with two hydrogen bonds.3 

However, the situation appears not to be so simple when other 
triply hydrogen bonded systems are considered. Thus, the ATa's 
for 3 and 4 in chloroform are only 170 and 90 M"'.3"5 The origin 
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of the reduced binding relative to 1 and 2 is not immediately 
obvious; the same three basic types of hydrogen bonds, NH2-O, 
N H - N . and NH2-O, are present in 1 and 3. In view of the 
importance of multiple hydrogen bonding in molecular recogni­
tion,'"6 computational studies were undertaken to investigate the 
discrepancies. 

All-atom potential functions have been developed in the OPLS 
format7 for the nucleic acid bases and 2,6-diaminopyridine (DAP) 
by fitting to results of ab initio 6-31G(d) calculations on the 
geometries and interaction energies for complexes of the bases 
or monocyclic fragments and a water molecule.8 One test of the 
functions aimed at the present problem was to compute the relative 
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free energies of binding for 9-methylguanine (G) with I-
methylcytosine (C) and 1-mcthyluracil (U) with DAP in chlo­
roform. The thermodynamic cycle below was considered, and AG, 
- AG2 was obtained by computing AG3 + AG4 - AG5. 
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Statistical perturbation theory was used in Metropolis Monte Carlo 
simulations to obtain the AG's.' The simulations were all carried 
out on periodic systems at 25 °C and 1 atm with the BOSS program, 
version 2.8. If any intermolecular atom-atom distance was less 
than 12 A, the entire intermolecular interaction was included. 185 
chloroform molecules10" were present for the G-C to U-DAP 
mutation in a rectangular cell ca. 26 X 26 X 39 A. while 125 
solvent molecules in a cubic cell were used for G -» DAP and C 
-* U. The geometries of G. C, U, and DAP were taken from ab 
initio 3-2IG optimizations8'2 and were kept planar and rigid. The 
mutations were carried out over a series of four to seven separate 
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simulations yielding eight to 14 incremental ACs.9 Each simu­
lation consisted of 5 X 105 to IO6 configurations of equilibration 
followed by 2 x IO6 configurations of averaging. The simulations 
near G-C and U-DAP were initiated and remained triply hy­
drogen bonded, though there were no restrictions on translations 
or rotations. In the first perturbation step from the free G-C 
complex, weak harmonic constraints were introduced to limit drift 
at intermediate points. These constraints were then removed in 
the last step, yielding the free U-DAP complex. 

The results for AG3 (8.4 ± 0.3 kcal/mol), AC4 (1.9 ± 0.2), and 
AC5 (17.2 ± 0.3)13 combine to yield a prediction of stronger 
binding for G-C than U-DAP by 7.0 ± 0.4 kcal/mol. This 
translates to a K3 ratio of 1.3 X 105, which shows an even stronger 
preference for G-C than suggested by the data for 1-4. However, 
there are structural differences, significant experimental uncer­
tainty for I,1 and the statistical noise in the simulations. Analogous 
calculations were carried out for G-C versus the complex of 
9-methyladenine (A) with U. Essentially the same preference 
(7.2 ± 0.3 kcal/mol) was found for G-C. which is consistent with 
the experimental observation of similar K1

1S (ca. I02) for systems 
like A-U or U-DAP.3"5 

A salient component of the preference for G-C over U-DAP 
is the 10.5 kcal/mol lower average intersolute interaction energy 
computed for G-C in chloroform. In fact, full optimizations for 
the isolated complexes with the OPLS potentials yield optimal 
interaction energies of-22.1 kcal/mol for G-C and -11.4 kcal/mol 
for U-DAP (Chart I). The former value is close to experimental 
gas-phase results (-21.0 kcal/mol)14 and other theoretical esti­
mates,15 while the computed value for U-DAP is only a little lower 
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than for A-U (-10.5 kcal/mol). 
Since the primary hydrogen-bonding interactions arethe same, 

more subtle variations must be present for the 10.7 kcal/mol 
difference. Though a multipole analysis could be provided, a 
simpler approach comes from considering the secondary inter­
actions indicated below. These separations are still short (2.3-3.7 
A), owing to the proximal hydrogen bonds, and involve substantial 
electrostatic interactions (Chart II). In view of the partial positive 
charges on H and partial negative charges on N and O, two of 
the secondary interactions arc attractive and two are repulsive 
for G-C, while all four interactions arc repulsive for U-DAP. The 
net of four destabilizing interactions at 2-3 kcal/mol each can 
account for the weaker binding for the latter complex. 

The three possible arrangements of the partially charged sites 
for triply hydrogen bonded systems are shown below. 
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The worst situation is when the positive and negative sites alternate 
as in DAP and imides. G-C represents the intermediate case, 
while in the most favorable situation one molecule has all of the 
hydrogen-bond donor sites and the other has all of the acceptor 
sites. The general validity of this simple concept is unequivocally 
supported by the following dipeptide model (Chart III). The 
optimizations for the planar structures used the same charges in 
both forms.7 The hydrogen bonding in the retro-inverso isomer 
is favored by 11 kcal/mol, owing again to the net difference of 
four secondary interactions. Such considerations have general 
applicability in understanding variations in hydrogen-bonding 
complexation in many contexts.16 

Supplementary Material Available: Listing of parameters for 
nucleic acid bases and DAP in the all-atom OPLS force field, 
graphical summary of the charge distributions for the parent 
nucleic acid bases, and a plot showing the progress of the three 
mutations used to compute the relative free energy of binding for 
G-C vs U-DAP in chloroform (5 pages). Ordering information 
is given on any current masthead page. 
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Recently we have developed rational routes to the synthesis of 
heterotrinuclear complexes using binuclear metallomacrocycles 
as precursors.1 Equation 1 shows an example involving the 
incorporation of gold into a diiridium macrocycle I.2 The me-
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tallomacrocycle 1 has considerable stability; for example, it is 
capable of extracting some metal ions from aqueous solution into 
dichloromethane.3 Here we describe a new and unexpected route 
to the formation of a related heterotrinuclear complex. This 
method also uses bis[(diphenylphosphino)methyl]phenylarsine 
(dpma) as a bridge, but involves much more bond reorganization 
than encountered in eq 1. 
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(4) IR: ^CO), 1925 cm'1. 3 ,P|'H|NMR: 6 -21.8 (t), -29.1 (t) [/(P1P) 
= 28.8 Hz]. Ivory crystals of [Ir(COHdPnIa)2]PFj-CH2Cl2-(C2Hj)2O were 
grown by diffusion of ethyl ether into a dichloromethane solution of 3. They 
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A, 6 = 26.297 (7) A, and c = 30.733 (6) A at 130 K, Z = 8, R = 0.067, and 
Rw = 0.065 for 5274 reflections with / > Ia(I) and 410 parameters. 

Treatment of Ir(CO)2Cl (p-toluidine) in methanol with 2 equiv 
of dpma in dichloromethane followed by an excess of ammonium 
hexafluorophosphate in methanol produces, after partial evapo­
ration of the solvent, ivory crystals of [Ir(CO)(dpma)2] [PF6] (3) 
in 76% yield. The structure of the trigonal-bipyramidal cation 
is shown in Figure 1. It is similar to other cations with an 
Ir(CO)P4 core.5 

Addition of 2 equiv of Me2SAuCl in dichloromethane to a 
dichloromethane solution of 3 produces a red solution, from which 
red crystals of [Au2Ir(CO)Cl(/u-dpma)2] [PF6] 2 (4)6 can be isolated 
in 84% yield by the addition of a methanol solution of ammonium 
hexafluorophosphate followed by partial evaporation of the solvent 
(eq 2). The structure of the cation of 4, as determined by X-ray 
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crystallography, is shown in Figure 1. Notice that the metal ion 
locations in 4 and 2 have an inside-out relationship. While 3 
incorporates the correct Ir:dpma:CO stoichiometry for the for­
mation of 4, reaction 2 leaves only one metal ligand bond, the 
Ir-CO bond, intact.1 All four of the Ir-P bonds in 3 and the Au-S 
and Au-Cl bonds are broken in this high-yield reaction. This 
represents quite a remarkable set of changes that contrasts with 
the much more conservative group of changes in eq 1. While 
chelate ring opening of four-membered rings, especially those 
involving bis(diphenylphosphino)methane, to form binuclear 
complexes is known,7 opening of the less strained six-membered 
rings in 3 is wholly unexpected. Prior work showed that reactions 
of analogous triphosphine complexes resulted in formation of bi-
or trinuclear complexes with widely separated metal centers by 
bonding to the uncoordinated donor without ring opening (eq 3).8 

We have monitored reaction 2 by 31P NMR spectroscopy at -60 
0C, but only the slow conversion of the starting material to the 
product is observed. No intermediates in this complex trans­
formation are observable. 
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