
3770 J. Am. Chem. Soc. 1989, 111, 3770-3771 

Figure 1. Crystal structure of 1: Tin atoms are represented by thermal 
vibration ellipsoids drawn to encompass 50% of their electron density, and 
carbon atoms are represented by small spheres of arbitrary size for 
purposes of clarity. Butyl carbon atoms are labeled la-4a, and the aryl 
ligand carbons are each labeled with a number (from 1 to 10) with a 
literal subscript (b-j) identifying their particular ligand. Bond lengths 
(A): Sn1-Sn2 2.818 (1), SnHSn3 2.832 (1), Sn1-Sn5 2.835 (1), Sn2-Sn4 

2.931 (1), Sn2-Sn6 2.925 (1), Sn3-Sn4 2.924 (1), Sn5-Sn6 2.899 (1), 
Sn-C 2.214 (8)-2.230 (9). Bond angles (deg): Sn3Sn1Sn2 91.6 (1), 
Sn1Sn2Sn4 90.2 (1), Sn2Sn4Sn3 87.5 (1), Sn4Sn3Sn1 90.1 (1), Sn2Sn1Sn5 

92.9 (1), Sn1Sn5Sn6 88.9 (1), Sn5Sn6Sn2 89.4 (1), Sn6Sn2Sn1 88.7 (1), 
Sn3Sn,Sn5 133.3 (1), Sn4Sn2Sn6 130.8 (1). 

state, as demonstrated by its dramatic reversible thermochromic 
behavior, being pale yellow at -196 0C and orange-red at room 
temperature. In addition, the ultraviolet absorption maxima at 
309 nm (emax = 37 900) and at 360 nm («max = 13 690) in 
methylcyclohexane are similar to those attributed to cr-delocali-
zation in short-chain linear polystannanes.3b With regard to its 
mechanism of formation, it is likely that the aryllithium reagent, 
2, can serve to reductively remove either a chloro or aryl sub-
stituent to form a radical (or anionic) intermediate which can then 
react with the n-butyl bromide (produced from the reaction of 
the aryl bromide with n-butyllithium) to form I.9 

In conclusion, the view provided by the structure of 1 will aid 
in identifying the steric features of the ligands which will be 
required for the successful development of new synthetic routes 
for the construction of polycyclic polystannane frameworks. 
Further studies concerning the physical properties of 1 and the 
synthesis of other derivatives are currently in progress. 
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Interactions between amides have been widely investigated 
owing to the connection to protein structure and stability.1 Among 
classic studies,2,3 infrared work has revealed decreasing aggregation 
for secondary amides along the solvent series CCl4 > C6H6 > 
CHCl3, CH2Cl2 > dioxane » water.3 In fact, Klotz and Franzen 
quantified the negligible self-affinity of iV-methylacetamide 
(NMA) in water by measuring a free energy of association of +3.1 
kcal/mol.3c As reported here, modern theoretical methods have 
now been applied to obtain the first free energy profiles or 
"potentials of mean force" (pmfs) for the association of amides 
and the corresponding predicted K^'s. 

Monte Carlo statistical mechanics simulations were carried out 
for two NMA molecules plus 250 chloroform or 310 water 
molecules in periodic boxes in the NPT ensemble at 25 0C and 
1 atm. The computational details are the same as for prior pmf 
determinations.4,5 In particular, statistical perturbation theory6 

was used to obtain the free energy changes as the two solutes were 
perturbed apart in increments of 0.2 A with the N - O distance 
as the reaction coordinate. The OPLS potential functions were 
used for NMA7,8 and chloroform9 along with the TIP4P model 
of water.10 Thus, all atoms are explicit except hydrogens on 
carbon, and Coulomb and Lennard-Jones interactions are included 
between the interaction sites. Feathered cutoffs were used to 
truncate the intermolecular interactions beyond 12 A in chloroform 
and 8.5 A in water.4,5 Bond lengths and bond angles were not 
varied, while the torsional motion about the central C-N bond 
of NMA was sampled.8 Otherwise, the motion of the solutes was 
unconstrained so all intermolecular arrangements were accessible 
at the set values of the reaction coordinate. Each of the 16 
simulations then entailed equilibration for at least 6 X 1 0 5 con
figurations starting, from equilibrated solvent boxes and the amides 
in a hydrogen-bonding orientation, followed by averaging for 2 
X 106 configurations. 

The resultant pmfs are shown in Figure 1. In chloroform, 
a single free energy well is found with a depth of -3.5 kcal/mol 
for the minimum at /-(N-O) = 2.8 A. Plots of configurations 
clearly show that the amides are hydrogen bonded (Figure 2, top). 
However, in water the amides exhibit no net attraction owing to 
the competition with hydrogen bonding to the solvent. In fact, 
plots of configurations reveal that at short separations the amides 
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Figure 1. Computed potentials of mean force for the association of two 
NMA molecules in chloroform and water. The statistical uncertainties 
(±lir) at the ends of the curves starting from the middle are ca. ±0.2 
kcal/mol. 

do not form a hydrogen bond (Figure 2, bottom); rather, stacked 
geometries are common with a favorable dipole alignment that 
exposes the amides' edges to minimize loss of hydrogen bonding 
to water. However, the potential energy for just the N M A - N M A 
interaction at 3.0 A averages only -3 .5 kcal/mol which is not 
enough to overcome the more optimal hydration that occurs at 
larger separations. For comparison, the average intersolute energy 
at 3.0 A in chloroform is -7.5 kcal/mol. 

The pmf s, w(r), can also yield the association constants K^ in 
the high-dilution limit via eq 1." Such computations have been 

A.a = 2TT Cr1 exp( -w( r ) /k B T)dr (i) 

rare since pmfs have been unavailable.5,12 For chloroform, the 
results turn out not to be very sensitive to reasonable choices of 
the geometric limit to association, c; c = 3, 4, and 5 A gives Afa 

= 2.4, 3.8, and 4.0 M"1.13 The accord with the experimental 
value3f of 2.7-2.8 M"1 provides important support for the com
putational methods, the potential functions, and the pmf. For 
water, c = 3, 4, and 5 A gives K^ = 0.0001, 0.04, and 0.12 M"1, 
while the IR finding is 0.005 M-1.3c In this case, there is significant 
uncertainty in the experimental result3c,f and in the appropriate 
choice for c; however, the qualitative description of the binding 
is clear. 

The discrepancy between the well-depth o f - 3 . 5 kcal/mol in 
chloroform and the free energy of binding (AGb) of o n ' y _0.8 
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Figure 2. Typical configurations from the simulations of two NMA 
molecules in chloroform (top) and water (bottom) with /-(N-O) con
strained to be 3.0 A. Only a few of the solvent molecules in the vicinities 
of the solutes are shown. Hydrogens on carbon are implicit. 

kcal/mol from -RT In Ka should also be noted. Of course, it 
follows from the integration over the pmf in eq 1. In fact, if the 
pmf in chloroform is scaled, an excellent linear correlation (/• = 
0.998, <T = 0.19 kcal/mol) is obtained between the well-depth 
(AGmin) and AGb, AGmin = 1-16AGb ~ 2.37. Since a prototypical 
hydrogen bond is being considered, this result should have some 
generality. It emphasizes that for typical, measured AGb's the 
corresponding well-depths in the free energy profiles may be several 
kcal/mol more negative. 

Overall, the present results illustrate the capabilities of computer 
simulations to study molecular association in solution.14 Detailed 
thermodynamic and structural insights are available along with 
the opportunity for direct comparisons with experimental binding 
data.15 
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