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Abstract: The isomerization rates of a calix[4]arene in benzene and in chloroform have been calculated by
using molecular dynamics simulations. The reaction coordinate that is employed is based on the unstable
normal mode at the saddle point of the potential energy surface. The free energy as a function of this coordinate
has been calculated by means of umbrella sampling. Comparison of the free energies in the solvents with
those in vacuum reveals that both solvents destabilize the paco conformation and stabilize the transition state
region. In chloroform the calix[4]arene shows a stronger preference for the cone conformation than in benzene
or in vacuum. The isomerization rate has been determined by the reactive flux method. In benzene the
transmission coefficient is about a third higher than in chloroform. The calculated rates are in perfect agreement
with experimental data.

|. Introduction

Calix[4]arenes, cyclic arrays of four phenol rings, are versatile H
moleculest they are used as building blocks in supramolecular
chemistry, they can selectively bind ions, they show nonlinear
optical behavior, and they can take on various conformations.
The latter property will be studied in this paper. In the “cone”
conformation all phenol rings are orientated in the same
direction, see Figure 1. The molecule is then stabilized by four
internal hydrogen bonds at the lower rim of the molecule. In
the partial cone conformation, “paco” for short, one of the
phenol rings is rotated with respect to the other three phenol
rings, see Figure 1. During the isomerization from cone to paco
the methylene groups between the phenol rings act as the hingest possible to calculate very slow reaction rates by simulations
around which the phenol ring rotates, and the hydroxyl moiety of only a few nanoseconds.
moves through the central annufiShe paco conformation has In Section Il we will see that reaction rates are conveniently
only two internal hydrogen bonds, making it energetically less expressed as products of two factors. The first factor, the
stable than the cone conformation by about 10 kcal/mol. The transition state theory rate, depends on the free energy difference
energy barrier between the two conformations is about 15 kcal/ between the reactant well and the transition staSzveral
mol 34 so the isomerization rate is of the order of 100 at methods are available nowadays for calculating relative free
300 K. This energy barrier makes it impossible to calculate the energies as a function of the conformation of a reacting
isomerization rate by simply monitoring the conformation of molecule. These methods and a wide variety of applications
the molecule during a long molecular dynamics simulation are covered by several reviews! The second factor, the
(MD).® Currently simulations up to a dozen nanoseconds are transmission coefficierlt,corrects for so-called recrossings,
feasible, but the isomerization reaction requires a simulation of which are ignored in transition state theory, and at the same
the order of a second long to produce a reliable result. In this time makes the reaction rate independent of the somewhat
contribution we apply statistical mechanical theories which make arbitrary definition of the transition state. This coefficient has
been calculated for a number of isomerization reactions, as well
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Figure 1. Cone (left) and paco (right) conformations of a calix[4]-
arene.
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in reaction rate theory is the reaction coordirfadd/e have
recently introduced a convenient definition of this coordinate,

den Otter and Briels

while in other cases it is of minor importance. In this
contribution we present calculations of the ceipaco equilib-

based on the unstable normal mode at the saddle point of therium distribution and isomerization rate in two different solvents,

potential energy surfacé:1>This definition is computationally
efficient, and can be applied to a wide variety of reactions.
Conformations of calix[4]arené4® and of numerous deriva-

tized calix[4]arenes have been studied in a series of molecular

mechanics studies in vacuum, using various force figl§s2°

and compare the results with experiments.

II. Theory

II.LA. Reaction Rate. The forward reaction rate is defined as
the fraction of reactants that turns into products per unit of ime.

In the case of the calix[4]arene, all calculations agree on the We shall assume that the rate is predominantly determined by
order of stability of the four possible conformations, but they the (free) energy barrier separating reactants from products. To
do not agree on the energies of these conformations, nor on thecalculate the reaction rate, we first of all need a method of telling
symmetry of the cone conformation. Wipff, Varnek, and co- reactants and products apart. We therefore introduce the reaction
workerg!22 published a series of articles on simulations of coordinate®2425 &, which is taken to be a function of the
derivatized calix[4]arenes in several solvents, concentrating on coordinates of the reacting molecule only. The reaction coor-
the complexation with neutral guests and cations. For uncom- dinate is defined in such a way that it is larger thnfor
plexed calix[4]crown6 the conformation calculated to be the products and smaller thajt for reactants. Conformations with
most stable in vacuum differed from the most abundant = £* are at the dividing plane between reactants and products,
conformation observed experimentally in chloroform, indicative the so-called transition state, which is located in the sparsely

of significant conformation dependent solvation eneréfes.
Recently, van Hooret al.l” explained in a qualitative way the

populated area at the top of the energy barrier. The definition
of the reaction coordinate employed in this article is deferred

discrepancy between the conformational distributions in vacuum yntil the next section.

and in two solvents of two derivatized calix[4]arenes. Among

In Eyring’s transition state theory (TST) the rate is expressed

the properties of calix[4]arenes that have extensively been as the instantaneous product bound flux through the transition
measured are the isomerization rates in solvents. These ratestate, normalized by the number of reactant molect#eg®

were found to strongly depend on the lower rim substituant,

and to a lesser extent on the solvent and the upper rim

substituang:*16.17Calculations in vacuum, especially of mini-
mum energies and saddle point enerdgi€smay yield a

kTST — mél @* P(Ej;)
f

- (1.1)
2 [TPEde

reasonably good estimate of the reaction rate, but, of course, )

they cannot account for the solvent effect. Grootenbtiil, 18 where§ = d&/dt. The first factor on the right-hand side is half
performing simulations of calix[4]arenes in water, observed the average absolute velocity of molecules at the transition state;
several transitions within 50 ps, but these astonishingly high the half arises because only half the molecules crossing the
rates cannot be confirmed experimentally since calix[4]arene transition state have a positive velocity, i.e. are going from the

does not dissolve in water.

Simulations with an explicit solvent model offer valuable
insights into the effect of the solvent on the equilibrium constant
and on the reaction rate1323In some isomerization reactions
the solvent effect is prominent, as for protéifsand for
molecules that are capable of including a solvent moletule,
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10840-10848. (c) Wipff, G.; Engler, E.; Guilbaud, P.; Lauterbach, M.;
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reactant state to the product state. Once the definition of the
reaction coordinate is chosen, this factor is readily evaluated.
In the second factor we have used the probability distribution
of the reaction coordinate in the canonical enserdble,

P(&) =
%h‘g“ [ [OIE(X) = &] exp[—BH(Xpy)] dX dpy (11.2)

where H is the Hamiltonian,X is the collection of all 8l
coordinates of the reacting molecule and the solvpgtare
the conjugate momenta) is the Dirac delta functionh is
Planck’s constant, anfl = 1/kgT with T the absolute temper-
ature andkg Boltzmann’s constant. The partition functigp
arises as the normalization factor of the distribution. The second
factor in eq Il.1 is therefore to be interpreted as the probability
for a molecule in the reactant state to reach the transition state.
Two methods for calculating the probability distribution are
discussed in Section II.C.

It is a well-known fact that transition state theory overesti-
mates the true reaction rété*26 The underlying reason simply
is the implicit assumption of TST that each molecule crossing
the transition state with a positive velocity will end up in the
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Chem. Soc1994 116, 10630-10638. (e) Lim, D.; Jorgensen, W. L.
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product well. However, chances exist that a molecule crossing barrier, the reactive flux method will always yield the same
the transition state with a positive velocity rapidly recrosses rate constant2>2” The only problem is that the number of
the transition state before settling in the product well, e.g. after relaxation runs required to accurately calculate the transmission
colliding with a solvent molecule. Likewise, a molecule crossing coefficient increases exponentially as the plateau value of the
the transition state with a negative velocity can recross the transmission coefficient decreases. We therefore now set forth
transition state with a positive velocity to return to the product to find a reaction coordinate that yields a high plateau value,
state. Both these cases contribute to the TST rate, but neitheii.e. a low TST rate.

of them corresponds to a reaction, as the molecule returns to ||.B. Reaction Coordinate. A particularly important point

its initial state. In textbooks this fact is compensated for ad hoc on the potential energy surface of the reacting system is the
by multiplying the TST rate with a transmission coefficient, saddle point, the lowest point on the top of the energy barrier:

whose value lies between zero and éfe: any molecule going from the reactant state to the product state
must at least rise to the energy of the saddle point to over-
ke = kST (1.3) come the reaction barriét According to the Boltzmann distri-

bution, molecules crossing the barrier will do so preferably with

It is less well-known that the transmission coefficient can be the least amount of energy, so the majority of the molecules
calculated exactly, under the condition that classical mechanicsWill surmount the barrier in the vicinity of the saddle point. It
adequately describes the motion of the molecule. From Onsag-is only natural, therefore, to introduce a reaction coordinate

er's regression hypothesis it follows that based on the properties of the saddle point, as will be done
next.
k=k(t), legoss<t < 1k (1.4) Suppose we have located the first-order saddle pBihtof
the potential energy surface of ad atom molecule. For
D[£(0) — g*] E(0)O[E(t) — g*]g notational convenience and to make the results more transparent,
k(t) = ¢] : : (1.5) we have collected alll$ coordinates into a single mass-weighted
[B[£(0) = £1E(0)0LE(0)]T column vector,R® = (,/m (T, ..., /my(r)T, wherer! is

wheref is the Heaviside step functioband 0 denote the time, the column vector of the coo_rdrnates of atowith massm.
We shall assume that there is no external potential acting on

and the broken brackes indicate a canonical average. The . . .
denominator of eq 115 is the average velocity of molecules the molecule. At the saddle point the gradient of the potential

crossing the transition state at time 0 in the positive direction, energy is zero, so a Taylor expansion up to second order of the

i.e. the first factor on the right-hand side of eq Il.1. The potential energy yields an energy of
numerator is the average velocity of molecules crossing the
transition state at time O of those molecules that are in the B(X) = DR + (X ~R)THX —R%  (IL.6)
product state some timeafter crossing the transition state,
regardless of the initial crossing direction. One readily sees thatat a pointX close to the saddle point. The Hessian matiix,
in the limit of t going to zero the numerator equals the contains all second derivatives of the potential energy with
denominator. At longer times the contributions of recrossing respect to the mass-weighted Cartesian coordinates. This matrix
trajectories will start to diminish the transmission coefficient is then diagonalized to find its eigenvectors and eigenvalues,
(it may temporarily increase, though, depending on the char- just as one normally does for a molecule at the potentiel energy
acteristics of the reaction). After some time, which is longer minimum?24
than the typical time of the molecular motions but much shorter  The eigenvectors of the Hessian can be subdivided into two
then the.time constant of the reaction, the transmissiorj coef- groups. The first group contains the three eigenve@bughich
ficient will stabilize at some plateau levet> eq 11.4. At this correspond to a rigid body translation and the three eigenvectors
point all molecules which crossed the transition state at time 0 sk \yhich correspond to a rigid body rotation. In the absence of
have reached either the product well or the reactant well, and g external field, one easily sees that the potential energy of
will stay there for a long while until_they incrderjtally escape. the molecule does not change during these moves, hence the
The numerator of eq I1.5 then contains contributions only from  gjgenvalues of these six eigenvectors are all equal to zero. The
those molecules that originated in the reactant well and have ggcond group contains theN3- 6 eigenvectors with a non-
settled in the product well, hence the name reactive flux méthod ,erq eigenvalue, the normal modes of vibraiériThese
(RF). By inserting the plateau value of the transmission yiprations are, in first order approximation, independent of one
coefficient into eq 11.3 we find the exact rate. Note that the another; the eigenvalues are the squares of the frequencies of
transmission coefficient is easily calculated by MD simulations:  yipration, which are experimentally accessible. If the Hessian
first one samples configurations in the dividing plane, and next \yere to be evaluated at a local minimum of the potential energy
one calculates relaxation runs to see where each of thesegyrface, then all eigenvalues would be positive: move along
configurations ends up about a picosecond later. any normal mode, starting froR® and the potential energy
From eq II.1 it follows that the TST rate constant depends \yjj rise. At a first-order saddle point, however, there is exactly
on the precise defirrition of the drvrdrng plane between reactants gne eigenvector with a negative eigenvalue, i.e. an imaginary
and products. Obviously, the dividing plane must lie near the gjgenfrequency. Move along this direction, henceforth called
top of the energy barrier to cohere _vvith the intuitive notion of ' the unstable normal mod®’, and the potential energy will fall.
reactants and products. But there is no clear reason why onej other words, in this direction the molecule is going from the
plarre in this region should be preferred over another, or to put gqdle point toward the product (or reacant) well. As an
it differently, why one TST rate is better than another. The only jjiystration of this unstable normal mode, the resulting atomic

thing one knows for sure is that even the lowest TST rate still gisplacements of a calix[4]arene at the cone to paco saddle point
is an upper limit to the true rate (sinees 1). Ithas been shown  5re depicted in Figure 2.

that the reactive flux method does not suffer from these
problems: provided the dividing plane lies near the top of the  (27) Miller, W. H. Acc. Chem. Red.976 9, 306—312.
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Figure 2. Saddle point configuration of a calix[4]arene. The arrows

den Otter and Briels

function Q. The RF rate then reatfs

k = rcq/ %T[uvxg@ e EOAT — (1.10)

where we have combined eq Il.1 through I1.3. Hégis the
free energy of the reactant well, obtained by repladdg) in

eq 1.9 by the denominator of the second factor in eq 11.1. With
the reaction coordinate as defined in Section I1.B we fivigE|

= 1 kg ¥2 m~1 at the saddle point, and this value increases
only slightly on taking the average over the saddle plane. In
the experimental literature a slightly different definition of the
free energy is commonly used, by writing a measured reaction
rate as

attached to the atoms indicate how the atoms move under the unstable

normal modeQ".

We now define the reaction coordinate as the displacement

of the molecule, with respect to the saddle point, along the
unstable direction. For a molecule with coordinaxewse thus
arrive at the projection

_ (X=R)Q
- QQ

The particularly simple form of this equation arises because

£ (I1.7)

T :
k = k% g AATkeT (11.112)
By comparing the two above expressions we find
$ + h?
AN =AE") —kgTIn WBT[HVX(SI% —Ag— kB;“”;)
1.1

the eigenvectors of the Hessian are orthogonal. Conventional The second term on the right-hand side removes fA()

TST calculation%2® in which the rate is obtained from the

the contribution of the velocit{, so the free energy difference

positive eigenfrequencies at the energy minimum and the saddleAA” is based on the probability of finding a molecule at the

point are in fact based on this definition of the reaction
coordinate.

At this point the reader might argue that the above definition
of the reaction coordinate is intuitively appealing, but that under
simulation conditions the definition is useless since it is not
invariant under rotations. To solve this problem we exploit
the freedom in choosing the saddle point configuration: the
rotated saddle pointAR® = (y/m@rd)T, ..., y/my@r)?’,
wherea is an ordinary three-dimensional rotation matrix, is
also a saddle point. One readily verifies that the eigenvectors

transition state with zero crossing velocity, while the free energy
A(£*) is based on the probability for the molecule to be at the
transition state regardless of the crossing velocity. Notice that
AAF also includes a contribution from the transmission coef-
ficient, while A(£*) does not.

Perhaps the best known method of calculating the free energy
of a moleculein vacuq i.e. Ag, is to perform a normal mode
analysis?* Contributions from the R — 6 eigenfrequencies of
vibration, the inertia tensor, and the total mass of the molecule
give the desired result. The assumptions underlying this theory

of the Hessian are rotated in the same manner. so the unstabl@'€ that the amplitudes of the vibrations are small, and that there

normal mode of the rotated saddle point AQ'". By in-
serting these two rotated vectors into eq I.7, the reaction
coordinate becomes a function of the coordinateand the
rotation matrixa,

_ (X = ARY)-AQ'
- Qq
We now must find a connection betweX¥nR9, anda to make
the definition of the rotation matrix, and hence the definition
of the reaction coordinate, unequivocal. Analogous to eq 1.8,
we may calculate the “rotation” of the molecule with respect
to AR? as the projection of the displacemexit— AR? onto
the ASk, the three rotated rotational eigenvectors of the Hessian.
The correct rotation matria is then defined as the one that
makes all three projections simultaneously equal to zero. A more
elaborate discussion of this topic, and an algorithm to calculate
the rotation matrix are given elsewhéfe.

II.C. Free Energy. It is common practice to convert
probability distributions and partition functions, as defined by
eq 1.2, into free energies,

A(E) =—KksTInP(&) + ¢ (1.9)

where ¢ is an irrelevant constant arising from the partition

& (11.8)

is no coupling between rotations and vibrations. As we have
shown elsewher®, it is straightforward to calculate the free
energy as a function of the reaction coordinate under the same
conditions. The basic task is to calculate the lowest energy
conformation and thel — 7 eigenfrequencies of vibrations in
the hyperplane of configurations with a prescribed value of the
reaction coordinate. The method is reliable and fast for
calculationsin vacuq but it is of little practice for a molecule

in a solvent, since the inclusion of solvent effects in the theory
is virtually impossible.

An alternative method for calculating the free energy would
be to directly sample the probability distribution of the reaction
coordinate of the solvated molecule in a long simulation.
Obviously, the height of the energy barrier between reactants
and products would create insurmountable difficulties. The
barrier region would be sampled very poorly, and the molecule
might even stay in one conformation for the entire run. In fact,
this is precisely the problem that we try to avoid by using
reaction rate theory. Suppose now that we add to the existing
potential energy surface a so-called umbrella potentfl(X).

The probability distribution of the system with the umbrella
reads as

(28) (a) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A;;
Rosenberg, J. Ml. Comput. Chenil992 13, 1011-1021. (b) Bartels, C.;
Karplus, M.J. Comput. Cheml997, 18, 1450-1462.
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PUE) = ™ [31E0X) ~ Elexpl-AHGP) + i

U} dX dpy (I113) =

In case the umbrella is a function of the reaction coordinate
only, the unbiased distribution may be calculated according to

P(&) = cP,(£)e™® (1.14)

wherec is a proportionality constant. The probability distribution

of £ in the biased run is thus seen to be easily converted into
the probability distribution of the unbiased run. This holds true
regardless of the umbrella potential used, so we are free to
choose the umbrella that suits us the best. The best choice is i
U(&) = —A(&), since it render$y independent o. In the A6 4
b'ase‘?' run the barrier between re_aCtan_tS and products ther|:igure 3. Minimum energy (dotted) and free energy as calculated by
effectively vanishes, and both configurations can be sampled means of umbrella sampling (solid) as a function of the reaction
efficiently with a single long simulation. In such a simulation coordinate for a calix[4]arenian vacua

the reaction coordinate behaves like a diffusing particle. An

obvious problem is that we do not kno#() in advance, but  on &, reached 1 kcal mol* A~ For each conformation a

by making a good initial guess, as in the above discussed normalconstrained normal mode analysis was performed to calculate
mode method, we can get close enough for the method to workthe free energy as a function of the reaction coordinate at 300
properly. If the long simulation samples the entire range of the K. Both the minimum energy and the free energy functions are
reaction coordinate but the distribution is not reasonably flat, plotted in Figure 3. From the latter function follows a free energy
then the sampled distributioRy may be converted into a  difference between the paco well and the cone well of 7.9 kcal/
potential by means of eq 1.9, and this potential may then be mol. The free energy difference between the saddle plane and
added to the existing umbrella to define a new trial umbrella the cone wellA(0) — Acone= 13.1 kcal/mol, results in the rate
for a second simulation. Alternatively, we may choose the ki>' = 174 s,

umbrella in such a way that only a small rangepé so-called The free energy function obtained by the normal mode
window, is sampled. Combining the probability distributidhs  analysis was used as the umbrella potential in a vacuum
from different windows by making them match in the region simulation. Since the free energy curve is rather steep at the
where the windows overlap one another then yields the desiredoutermost values of the range of the reaction coordinate, and
result. Techniques for automated improvement of the umbrella since it is a little noisy in these regions because of problems

12 +

E or A/ kcal mol™

by using all previous simulations are available. with the minimization procedure, we decided to smooth the
umbrella by replacing it with a fit. Previously we noticed that
lll. Results small deviations in the fit were very much reflected in the

The calix[4]arene was modeled with the all-atom CHARMM probability distributionPy. Therefore, the free energy function
parameter set 22The saddle points on the potential energy Was fitted with two 15th-order polynomials, one for the cone
surface of a calix[4]areni vacuowere calculated by using ~ Well and the saddle point region, and one for the paco well and
the conjugate peak refinement algorif#h implemented in the saddle point region. In the saddle point region a third-order
QUANTA/CHARMM. All other calculations were done with ~ Polynomial was used to make a smooth transition from one fit
GROMOS87! which we adapted to meet our specific needs. © the other. The motion of the reaction coordinate was limited
The saddle points were transported to GROMOS87, and then!© the region between roughly1.8 and+1.6 to prevent the
further refined by using full-dimensional NewtefRaphson to ~ molecule from sampling highly improbable conformations, and
minimize the length of the gradient of the potential down to © reduce the chances of “spontaneous” conformational transi-
1.8 x 10-9kcal molt A—L All normal modes were calculated.  tions due to the high stress in the molecule at these extremes.
and their eigenfrequencies were found to be almost identical to T his was done by adding two Fersirac-like functions to
the frequencies obtained by QUANTA/ICHARMM after a the umbrella, chosen such that they were virtually zero in the
similar refinement. The positive value of the reaction coordinate "€gion of interest and rapidly increased at the borders. During
for the cone to paco transformation was chosen to correspondtn€ Simulation the lengths of the bonds involving a hydrogen
to the paco conformation. In all calculations the relative &tom were constrained by using SHARELangevin dynamic¥

dielectric constant; was set equal to one, and no cut-off radius With @ friction constant of 1 ps was used to maintain a
was used for nonbonded interactions. temperature of 300 K, to promote the energy exchange between

IIl.A. Free Energy. The minimum energy conformations as vibrational modes, and to make the molecule rotate with a
a function of the reaction coordinate for the moleduleacuo variable angular momentum. The simulation lasted 30 ns, with

were calculated by using NewtetRaphson in which only the ~ & time step of 2 fs. The probability distribution of the biased
reaction coordinate was kept at a prescribed value. In most case§Un Was very flat, see Figure 4, indicating that the normal mode
the projection of the gradient onto the plane of constarie. based free energy is an excellent approximation of the real free

the part of the gradient that is minimized under the constraint Nergy. Inserting the distribution and theTuSrTnbreIIa in eq I.14,
we find A(0) — Acone= 12.9 kcal/mol and¢>" = 241 s

(29) Fischer, S.; Karplus, MChem. Phys. Lettl992 194, 252-261.

(30) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; (32) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJQComput. Phys.
Swaminathan, S.; Karplus, M. Comp. Chem1983 4, 187-217. 1977, 23, 327-341.
(31) Berendsen, H. J. C.; van Gunsteren, WGROMOS Reference (33) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquigs

Manual University of Groningen: Groningen, The Netherlands, 1987. Oxford Science Publications: Oxford, UK, 1987; pp 355, 259-260.
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T were constrained by using SHAKE Every tenth simulation

1+ step the list of interacting charge groups@H) was updated
to contain all groups within 13 A of each other; the interactions
between these groups were calculated each time step. At the
same time, the interactions of charge groups at a distance
between 13 and 16 A was calculated; since this interaction
changes relatively little during 10 steps it was treated as a
constant force/energy that was added to the pair-list-based
interactions calculated every time st&pNo long-range cor-
rections were applied. The box was first equilibrated at a
constant volume corresponding to the experimental deffsity.
Then a manost&twas turned on to keep the pressure at 1 atm,
using a typical time constanp = 0.5 ps and the experimental

» SR ——t—i ———t —— value of the isothermal compressibil#§s = 9.7 x 10-1°Pa™.

2 -1 0 1 2 Immediately the volume of the box decreased by about 15%.

& At this new value the volume oscillated with a period of 10 ps.
Figure 4. Probability distributionsPy in vacuo (solid), choroform By increasingz, to 5.0 ps, in which case oyf to 7 ratio

(dashed), and benzene (dotted), all corresponding to the same umbrella€qualled the one used by Mer-Plathes® the box regained its
The areas under the curves are equal. proper density. We conjecture that the manostat failed because

of the shape and corresponding potential of the benzene
During the simulation we encountered the problem that molecule.
molecules in th& ~ 0.5 region occasionally made transitions After equilibrating the benzene box at 1 atm, the calix[4]-
from a paco conformation to a “1,2-alternate” conformation. arene and the solvent were combined into a single box, a
In this conformation two neighboring phenol rings are pointing truncated octahedron of about 52 haontaining 343 benzene
upward and the other two are pointing downward, allowing for molecules. This box was thoroughly equilibrated, at constant
two internal hydrogen bonds. Once the molecule reached thevolume first and at constant pressure next, before the actual
1,2-alternate conformation it never returned to the paco con- production run began. The normal mode based umbrella, which
formation. There are two ways for a paco to transform into a performed so welin vacug was used as the umbrella of the
1,2-alternate, depending on whether the second rotated phenosolvated molecule. The resulting probability distribution, sampled
ring neighbors the first rotated phenol ring on the left or on the in 0.75 ns of simulation time, is shown in Figure 4. Comparison
right.!® Both 1,2-alternates have the same energy, but the two of this distribution with the one from the simulation in vacuum
paco to 1,2-alternate transition states have slightly different beautifully reveals the solvent effect: the probabilityZat
energies because of the orientation of the hydrogen bonds. The-0.4 increases drastically, while the paco conformation is
reason for the occurrence of the unwanted side reactions wasdepleted. To get better statistics, two additional simulations were
that the umbrella lowered not only the cone to paco transition run with the same umbrella in which the reaction coordinate
state but also the two paco to 1,2-alternate transition states. Towas limited to sample a single well only. The three distributions
prevent these rare side reactions we expanded the umbrella bywvere combined into a single one by matching the probabilities
adding two Fermi-Dirac-like potentials, each depending on the in the regions which were covered by two distributions. As a
reaction coordinate of one of the saddle points of the paco to check, this distribution was transformed into a potential by eq
1,2-alternate barrier. Equations 11.13 and 11.14 were adapted 1.9, and added to the existing umbrella. With this new umbrella
accordingly. These added potentials were found to hardly effect the distribution in the final run was, indeed, satisfactorily flat.
the motion of the molecule for most of the time, but they did The free energy difference between the paco and the cone was
prevent transitions from a paco to a 1,2-alternate conforma- calculated to be 8.4 kcal/mol, and the difference between the
tion. saddle plane and the cone is 12.5 kcal/mol, from which finally
To calculate the isomerization rate of a calix[4]arene dissolved followed k/°" = 471 s,

in benzene, we first simulated a box of pure benzene. We used As a comparison, in Figure 4 we have plotted the probability
the Lennard-Jones parameters and the charges of the rigicdistribution of a calix[4]arene in chloroform. This distribution
benzene model by Jorgensen and co-workemshich were  was calculated previously, using the same techniques as
previously used in Monte Caftband MD® simulations. The  described here, but with a different umbréffaVe converted
force field was augmented by adding bonded-interaction terms. this distribution into the distribution that we would have obtained
Since the nonbonded parameters of the CH groups in benzenan chloroform with the current vacuum umbrella, i.e. the one
are identical with those of the 12 CH groups in the calix[4]- that was also used in benzene. From the plot it follows that
arene, we decided to use the relevant bonded parameters of th@oth solvents destabilize the paco conformation. The region
calix[4]arene for the benzene as well. The cubic simulation box around the saddle point is stabilized by both solvents, but
contained 343 molecules. A thermo$fdtept the temperature  appreciably more so by benzene than by chloroform. The main
at 300 K with a time constant of 0.1 ps. The-8 bond lengths  difference between the two solvents occurs in the cone region,

. which is strongly promoted in chloroform but hardly in benzene.
1lgﬁ%é%)_i?;%?r(‘g)egc')r\sgn';énsya’_eﬁ”f:i}d?'é'_‘é_r;“,'\lé:uhyeer:' TS_°;;9%?ado_ The resulting free energy difference between the saddle plane
Rives, J.J. Comput. Chenl.993 14, 206-215. (c) We used the Loreniz and the cone well in chloroform, 13.6 kcal/mol, therefore is
Berthelot combination rules for the interaction between unlike atoms. larger than that in benzene, and the rkléT =84 sl is

(35) Miller-Plathe, FMacromolecules996 29, 4782-4791. ;
(36) The reaction coordinate was constrained to zero when sampling thesmaner than in benzene. At 9.1 keal/mol the free energy

transition state, while in the other two simulations the reaction coordinate difference between cone and paco is also larger.

was not constrained.
(37) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,  (38) Weast, R. C., Eddandbook of Chemistry and Physjc&0th ed.;

A.; Haak, J. RJ. Chem. Phys1984 81, 3684-3690. The Chemical Rubber Co.: Cleveland, OH, 1969; pp C-140, F-12.
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Figure 5. Density distribution of the carbon atom of chloroform, after correction for the orientation of the calix[4]arene. From left to right are

shown the cone, transition state, and paco conformation. The middle row gives a side view, the upper row a top view of the carbons with a positive
z-coordinate, and the bottom row a top view of the carbons with a negatiwerdinate. The calix[4]arenes shown are averaged over the simulation.

[1.B. Structural Analysis of the First Solvation Shell. From coordinates were translated to the center of mass of the calix-
the above results it is clear that the equilibrium distribution and [4]arene, and rotated bs! where a is the rotation matrix
the reaction rate are predominantly determined by the internal discussed in Section II.B. The positions of the carbon atoms of
energy of the calix[4]arene and to a lesser extent by its all chloroform molecules within 0.75 nm of the origin are plotted
interactions with the solvent. It is difficult to determine in which in Figure 5. Also plotted are the average positions of the atoms
way exactly the interactions between the solute and the solvent,constituting the calix[4]arene.
and the induced changes in the entropies and internal energies The plots in the left column of Figure 5 clearly show that
of the solute and the solvent, affect the reaction. the cone configuration captures a chloroform at the upper rim.

One way to shed some light on the mutual influence between Note that this chloroform molecule is not inside the cavity, as
solute and solvent is by studying the distribution of the solvent is observed irp-tertbutylcalix[4]arenes complexing with ions
in the first solvation shell around the solute. In Figure 5 scatter and small molecule¥;2122but hovering above the cavity. The
plots are given of the positions of the chloroform molecules in captured chloroform molecule is found to constantly move and
the first solvation shell around the calix[4]arene molecule. These rotate, with the hydrogen pointing toward the calix[4]arene in
plots were obtained from simulations of about 2 ns each. During one third of the frames, indicating that the dipole of the
the simulations the calix[4]arene was restricted to sample the chloroform molecule has only a minor influence on its orienta-
cone well, the transition state, and the paco well, respectifely. tion. Similarly, at the lower rim the polar hydroxyl groups are
All bonds in which a hydrogen atom takes part were constrained. not capable of orienting the polar chloroform. Moreover, hardly
The solvent molecules were completely rigid. The coordinates any structuring of the positions of the chloroform molecules
of the entire system are saved every 0.1 ps. For the analysisoccurs. The plots in the middle column and those in the right
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Figure 6. Radial distribution function of the carbon atom of chloroform  Figure 7. Transmission coefficient (solid) of a calix[4]arene in

relative to the center of mass of the calix[4]arene for the cone (solid penzene. The dotted (dashed) line gives the contribution of molecules

line), paco (dashed line), and transition state (dotted line) configurations. that settle in the paco conformation after crossing the transition state
with a positive (negative) transient velocity.

column show that the transition state and the paco also induce ) ) )

quite some structure in the solvent, but that they do not hold Py means of an MD simulation of a solvated calix[4]arene

on to a chloroform molecule with the tenacity of the cone during which the value of the reaction coordinate was con-

conformation. Only the transition state manages to slightly Strained to zero with an algorithm similar to SHAKEatomic

increase the chloroform density at the bottom of the calix[4]- Coordinates and velocities were saved every picosecond. Each

arene, just below the rotating phenol group. of thesg configurations was used as the starting pdiatdps _

In Figure 6 the radial distribution function of chloroform relaxation run. At the start of every relaxation run the velocity
molecules around the cone, the transition state, and the paccPf the reaction coordinate, which was zero during the constrqined
are depicted. In the case of the cone a sharp peak is observedun, was replaced by a new velocity drawn from a velocity-
that can be entirely attributed to the captured chloroform at the Weighted Maxwel-Boltzmann distributior? The transmission
upper rim. The first minimum in the radial distribution function ~coefficient as a function of time is shown in Figure 7. The dotted
corresponds to a barrier in the potential of mean frce line shows the contribution to the transmission coefficient from

separating the captured molecule from the bulk of the solvent. those molecules which cross the transition state at time zero
On average the captured molecule is exchanged with anotheith @ positive velocity and arrive in the product well, or to
solvent molecule once every 0.5 ns. From the other two curves Put it differently, the fraction of the product bound flux through
in Figure 6 it is obvious that only the paco has a slight tendency the transition state that ends up in the product well. Likewise,

to capture a chloroform molecule. To understand why neverthe- the dashed line gives the contribution to the transmission
less the transition state is stabilized by the solvent relative to coefficient from those molecules which cross the transition state

the paco, we have analyzed the interaction energies of thedt time zero with a negative velocity and end up in the product
solvated chloroform molecule with the calix[4]arene. It turned state; these molecules must therefore have crossed the transition

out that these energies have the same minimized value for bothState at least once. Both curves live up to their expectation: they
configurations, but that the volume corresponding to the Startatrespectively one and zero, at short times they decrease
minimum interaction energy is much larger for the transition pecause of molecules recrossing the tran§|t|9n state, and at'lorjger
state than for the paco. times they settle at a stable level. The solid line, the transmission

Similar simulations to the above have been done with a calix- function, is obtained by summing these two contributions. After

[4]arene in benzene. The distributions of the centers of mass of2 PS & plateau of 0-T5§ is reached. In combination with the
the benzene molecule around the calix[4]arene are very similar Previously calculatedk ", the true reaction rate is then found
to those in Figure 5, the main difference being that all maxima to beki" = 264 s,
and minima are slightly further away from the center of the  Similar simulations of calix[4]arene in chloroform yielded
calix[4]arene due to the size of benzene. Again, the cone = 0.43, which together with the transition state value yielded
conformation captures a benzene molecule. This molecule iski" = 36 s'L. The influence of the solvent is seen to be more
standing upright, perpendicular to the annulus of the calix[4]- prominentin the free energy differences than on the transmission
arene, with a slight preference for the orientation with two CH coefficients.
groups pointing toward the calix[4]arene. In comparison with  All results so far have been collected in Table 1, together
the chloroform captured at this position, the benzene is relatively with a few more results from vacuum simulations. Simulations
weakly bound, while it is exchanged by another benzene roughly in vacuowith the same transition state produced a transmission
once every 0.1 ns. The explanation of the solvent effect in Figure coefficient that arrived at a plateau of 0.92 after 0.6 ps, indicating
4 in this case is similar to the above, with the exception that that in this case the TST rate is an excellent approximation of
this time the binding interaction between the cone and the the real raté* After about 0.8 ps the transmission function
captured benzene molecule is much weaker. started to decrease again, and eventually settled at a second
. lI.C. Transmlssmn Coefficient. TO calculate the transmis- (40) In eq I1.5 the velocity of the reaction coordinate ought to be drawn
sion coefficient, eq 1.5, conformations needed to be sampled from a Maxwelt-Boltzmann distribution, expf8&7, but from the equation

in the transition plane. One thousand conformations were createdt follows that it is also possible to draw from the weighted distributfon
exp[—B&4. The advantage of doing so is that fewer relaxation runs are
(39) Rey, R.; Hynes, J. T. Phys. Chem1996 100, 5611-5618. needed for the averages to converge.
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Table 1. Computed and Experimental Rates for the Cone to Paco
Conversion

solvent and method K'STst « KRFst  kowvst

vacuum normal mode analysis 174
vacuum umbrella sampling, 241 0.92 222

t=0.6 ps
vacuum umbrella sampling, 241 0.82 198

t=2.0ps
chloroform umbrella sampling 84 0.43 36 3@
benzene umbrella sampling 471 0.56 264 202

aData by Gutsche and Baugconverted to 300 K Data by Araki
et al?

J. Am. Chem. Soc., Vol. 120, No. 50, 188875

For calix[4]arene in benzene they found\* = 13.8 kcal/mol
andTeoalescence= 15 °C. With these data we have calculated the
isomerization rate at the coalescence temperature. By using eq
[1.11 and assuming that the free energy is independent of the
temperature, we then found a rate of 607 at 300 K for the
cone to inverted cone reaction, hence a rate of 20Za@ the
cone to paco reaction. The data for a calix[4]arene in chloroform
were converted likewise, and yielded a rate of 38 #raki et

al.* measured the reaction rate and the free energy of a calix-
[4]arene in chloroform as a function of temperature, resulting
in a rate of 8 st at 300 K. From their data it followed that the
entropic contribution to the free energy is of minor importance
in the above extrapolations, at most equal to about 0.1 kcal/

plateau of 0.82. This decrease was caused by molecules whichy, o \which is comparable with the uncertainty of thé¥. All

left the paco well after having made one full oscillation in this
well; this would not have occurred if the paco well had acted
as a perfect sink.

The equilibrium conformational distribution and the isomer-

ization rates of calix[4]arenes in solvents have been measured

with TH NMR.3416.1741|t was found that for the particular
molecule studied here, the paco is too short-lived to be

detectable. The measured rate constants therefore correspon

data are summarized in Table 1. The computed reaction rates
compare very well with the measured rates, the former being
slightly higher.

The agreement of the calculated with the experimental
reaction rates adds to the confidence that one may have in the
force fields that have been used. Obviously, reaction rates are
H;ost sensible to the precise value'okt. Apparently the present

rce field has the capability of reproducing a reasonable energy

to the cone to inverted cone reaction, i.e. a process in which all 5 jer petween the cone and paco conformation, and is flexible

four phenol rings rotate. This reaction consists of four steps,
with one phenol ring rotating in each stéff.we assume these
steps to be independent, the reaction scheme becomes

ko ke ko
CKPKAKP'WC (ln.2)

where C, P, and A denote respectively cone, paco, and alternate

and where primes indicate conformations in which the majority
of the phenols are pointing downward. In good approximation

the overall cone to inverted cone rate constant is found to be

related to the calculated cone to paco raté&tyc ~ 3k

Gutsche and Baugémeasured the coalescence temperature

with temperature-dependelt NMR and derived the isomer-
ization rate at this temperature from the chemical shift. They
converted the rate into a free energy by

6.62 x 1012) (112)

+
AA"= RTcoaIescencén(

k(:o.allescence

(41) (a) Happel, G.; Mathiasch, B.; Kanerer, H.Makromol. Chem.
1975 176, 3317-3334. (b) Gutsche, C. D.; Bauer, L.Tetrahedron Lett.
1981, 22, 4763-4766. (c) Groenen, L. C.; van Loon, J.-D.; Verboom, W.;
Harkema, S.; Casnati, A.; Ungaro, R.; Pochini, A.; Ugozzoli, F.; Reinhoudt,
D. N.J. Am. Chem. S0d991 113 2385-2392. (d) Blixt, J.; Detellier, C.

J. Am. Chem. S0d.994 116, 1195711960.

enough to allow for enough entropy to turn this energy barrier
into a good free energy barrier. The fact that two opposite
solvent effects with two different solvents are quantitatively
reproduced is a remarkable achievement of the force field.

IV. Conclusions

The isomerization rate of a calix[4]arene in benzene and in
chloroform has been studied with molecular dynamics simula-
tions. The free energy as a function of the reaction coordinate
was calculated by means of umbrella sampling. The rate
constants obtained with the reactive flux method were in good
agreement with the experimental values. In chloroform the cone
conformation was found to be stabilized by the solvent,
appreciably reducing the reaction rate with respect to the vacuum
value. The reaction coordinate defined as the displacement along
the unstable normal mode at the saddle point of the potential
energy surface was shown to be very convenient in these
calculations. An excellent first guess at the umbrella potential
was obtained by a straightforward normal mode analysis. The
same reaction coordinate can, in principle, be applied to
numerous reactions, including chemical reactions. In the case
of an §2 reaction, for instance, the harmonic analysis has to
be performed on the transition state, including the nucleophile
as well as the leaving group.

JA9741739



