
3208 J. Am. Chem. Soc. 1991, Il3, 3208-3209 

into a (T bond and leaving the remaining two electrons localized 
on very different orbitals on each K ion. 

K8" (3 I11*) 

The observed K" to K" distance in I is 4.90 A, considerably 
longer than the 4.00 A that we calculate. This suggests that the 
particular electrostatic potential we have used overestimates the 
positive potential experienced by K2

2". While we are exploring5 

more realistic potentials based on the observed crystal structure, 
we feel that these calculations suggest that a reasonable mechanism 
for the anion-anion bonding in alkalides is the stabilization of K2

2" 
by the internal electric fields in the crystal. 
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The use of free energy perturbation calculations is increasing 
gradually in chemistry and biochemistry.1 Since the potential 
energy functions used in these calculations are approximate, it 
is important to examine the sensitivity of simulation results to the 
choice of the parameters in these potentials. The response of a 
free energy result (AA = A2- A1: the free energy difference 
between state 2 and state 1) to a small change in a potential 
parameter can be obtained by recalculating AA with two or more 
values of the parameter. However, this would be an expensive 
procedure by which to examine the response of AA to each pa­
rameter in the potential energy function. An alternative based 
on the systematic sensitivity analysis method2 (SSAM) commonly 
used in engineering problems is proposed here for the analyses 
of free energy results. The advantage of the method is that it 
requires only two simulations to find out the sensitivity of AA to 
a small change in each parameter in the potential energy function. 

Using the sensitivity analysis approach,2 one approximates the 
response (AAA) of AA to parameter changes by a truncated Taylor 
series: 

AA/I = E(SAAZdX1)AX1 (la) 

= Z(SA2ZSXi)AX1 - Z(SAIZSX1)AX, (lb) 

where AX, represents a small change in the parameter X1-. The 
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Figure 1. bAl/b\i (dotted line), SA^/SX( (solid line), and iAA/SX, (dashed 
line); see text for description. The molecular dynamics simulation of the 
threonine "dipeptide" was performed with the GROMOS4 molecular mod­
eling package using a time step of 2 fs. The SHAKE algorithm5 was used 
to constrain the covalent bond lengths. Periodic boundary conditions 
were used in the simulation. The threonine "dipeptide" was put in a box 
of 230 equilibrated methanol molecules. After 25ps of careful equili­
bration, the sensitivity coefficients were calculated using data from the 
next 30ps (i.e. 25-55ps). Each error bar was estimated from the dif­
ference of corresponding sensitivity coefficients calculated from two 15ps 
segments. At 55ps, the threonine "dipeptide" was "mutated" into a serine 
"dipeptide". The system was allowed to relax for lOps and sensitivity 
coefficients were calculated from data of the next 30ps. For clarity, error 
bars of M2/5Xi are not shown. The error bar of each 6AA/5\ is obtained 
by adding the error bars of 5A2/S\ and 6A1ZSX1. The OPLS6 parameters 
were used for the methanol molecules. The GROMOS4 parameters were 
used for the "dipeptides". The combination rules described in reference 
4 were used to construct the interaction potential between the "di­
peptides" and the methanol molecules. 

partial derivatives 5A^/6X/s, which are known as sensitivity 
coefficients, can be calculated by using the finite difference 
formula: 

SAAZSX1 = -[1/(2/3 dX,)] X 
(In { (CXPt-(S(Tf2(X, + dX,) - tf2(X,))]>2/x,/<expH3(tf2(X( -

dX,) - H2(X1))] >2A,j - In KeXpH(ZZ1(X, + dX,) -
Wi(X,))])i/xj(CM-P(H1(X1-ClXi) - H1(X1))])!/X1I) (2) 

where /3 = (Boltzmann constant X absolute temperature)"1, H1(X) 
is the classical Hamiltonian of the state / evaluated by using the 
potential parameter x, and (...},/A, represents an ensemble average 
over the state j simulated by using the potential parameter X,. dX, 
is a small finite change in the paramter X,. Similar finite difference 
formulas have been used to calculate enthalpy and entropy 
changes.3 

The SSAM was tested by taking AA to be the free energy 
difference between TV-acetylserine Af-methylamide (state 2) and 
TV-acetylthreonine /V-methylamide (state 1) in methanol. Results 
for SA2ISXj, SAJSX1, and SAA/SXi in which X,'s are the atomic 
partial charges of the "dipeptides" are shown in Figure 1. Since 
corresponding atoms in the two "dipeptides" have similar free 
energy responses to small changes in the atomic partial charges 
(i.e., SA2)SXi "* SAJSXj), SAA/SXiS have values close to 0. 
Equation la then suggests that AA is not sensitive to small pa­
rameter changes. To quantify this further, it is useful to take each 
AX, as AX, = X,(Ka) - X,(Kb) where X,(Ka) and Xj(Vb) are the atomic 
partial charges from force fields Ka and Vb, respectively (Kb is 
the force field used in the simulation; see figure caption). One 
can then estimate E(SA2/SX1)AXi, Z(SAJSXi)AX1, and AAA in 
eq lb. When Ka is taken to be the AMBER7 force field, JT-
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(5/42/(5\,)A\, = 81.9 kJ/mol. This value indicates that if the Scheme I 
GROMOS4 atomic partial charges for the N-acetylserine N-
methylamide peptide are substituted by the atomic partial charges 
in the AMBER7 potential, the free energy of yv-acetylserine N-
methylamide in methanol is increased substantially. However, 
an increase by approximately the same magnitude (JZ(^i/6X,)AX, 
= 78.5 kJ/mol) is found for the N-acetylthreonine yV-methylamide 
peptide when the AMBER7 charges are used instead of the GROMOS4 

charges. The resulting AAA = ^,(8A2/8X1)AX1-J^(5Ai/5Xj)AXt, 
which reflects the response of the free energy difference AA to 
the changes in the atomic partial charges AX1-, has a relatively small 
value of 3.4 kJ/mol. This analysis indicates that cancellations 
of errors can occur when the free energy difference between two 
similar systems is calculated. The free energies Ax and A1 do not 
change as much when the GROMOS4 atomic partial charges for 
the "dipeptides" are substituted by those in the OPLS6 potential, 
as suggested by Y1(SA2/5Xi)AXi - -16.9 kJ/mol and ^.(SAJ 
8X1)AXj = -8.3 kJ/mol. These values indicate that the free energies 
of the "dipeptides" are decreased when the OPLS6 charges are used 
for the "dipeptides" instead of the GROMOS4 charges. The AAA 
value now becomes -8.6 kJ/mol. One can use the variation of 
AAA values obtained when different potentials (e.g., AMBER,7 

OPLS6) are used for Ka to estimate the uncertainty of a free energy 
result (i.e., AA). 

The above example shows that one can use the SSAM to 
estimate the uncertainty of a free energy difference (A 4̂) as a 
result of the use of nonoptimal parameters in a potential energy 
function. By analyzing the sensitivity coefficients, one can also 
study how a small change in each parameter in a potential energy 
function affects a free energy result. When larger AX,'s are 
involved, one can improve the estimate of AAA by including higher 
order terms in the Taylor series expansion (eq 1). Extension to 
include other potential parameters (e.g., Lennard-Jones param­
eters) is straightforward. To study the effects of changing potential 
energy functional forms, the formalism can be generalized by using 
functional calculus. 
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Phenylcarbene (PC)4 and phenylnitrene (PN)5 are both reactive 
intermediates which have triplet ground states and low-lying singlet 
states. The triplet states are well characterized by low-temperature 
matrix isolation spectroscopy.6 Brauman and Drzaic determined 
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that 1PN is 4.3 kcal/mol higher in energy than 3PN.7 The energy 
gap in PC is not known but must be very small as the two states 
rapidly interconvert.8 Although 1PC is readily intercepted by 
external trapping reagents,4 1PN is not,5 apparently due to the 
ease of ring expansion of the latter species to form a ketenimine 
(KET), in solution at ambient temperature.9 

O^ 
PC PN KET 

(Pentafluorophenyl)nitrene (2S, 2T, Scheme I) is also a 
ground-state triplet species;6,90 however, the singlet-triplet energy 
separation of this species remains undetermined. Banks discovered 
that this nitrene undergoes intermolecular reactions in solution.10,11 
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