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Abstract: As a model of molecular recognition of a flexible guest through multi-point recognition, the
two-point fixation of the NH3 group and the C=O group of amino acid esters to porphyrin host was
investigated from thermodynamic point of view. The negative entropy change owing to restriction of
internal rotation around the Co—C(carbonyl) bond of guest as driven by the two-point fixation was
calculated from the following steps: (1) ab initio molecular orbital calculations at the 3-21G level to
generate a potential energy surface for internal rotation along the Co—C(carbony!) bond and the Coq—Cp
bond, and (2) a calculation of partition function of the system based on classical statistical mechanics.
The entropy loss due to the restriction of a rotation around the Co—C(carbonyl) bond was 5.0 cal*K™
Lomol-1 for alanine methyl ester and 1.9 cal*K~lsmol~ for valine methyl ester, indicating that valine
methyl ester is more rigid with respect to the Cq~C(carbonyl) rotation. This entropy loss was found to
originate from the correlated rotation of the Cg—C(carbonyl) bond and the Cq—Cp bond.

INTRODUCTION

Molecular recognition is the subject of many current investigations on biofunction-related fields of
chemistry. The concept of multiple recognition and preorganization of recognition groups helps in design-
ing a good host~guest system.1 However these views are based on the enthalpy change associated with
host-guest association. Another counterpart, the entropy term, should also play an important role in molecu-
lar recognition.2 The contribution of entropy to molecular recognition can be classified into three terms: (1)
the entropy change associated with the changes in solvation upon host—guest complexation,3 (2) the entropy
change of translational and rotational motion of host and guest, and (3) the entropy change associated with
changes in the motional freedom of internal rotation and vibration (intramolecular nuclear displacement). A
non-linear molecule consisting of N atoms has 3N-6 degrees of internal motional freedom. The number of
motional freedom increases rapidly as the number of atoms consisting the molecule increases, that is high
molecular weight compounds have many internal motional degrees. Therefore, for a large molecule, contri-
butions of internal motional entropy to thermodynamics of molecular recognition can be quite important. In
the present paper, theoretical calculations of the changes in internal rotational entropy upon molecular
recognition and the contribution of the entropic term to the free energy change of recognition processes are
described.
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In the previous study we
reported the binding of amino
acid esters by functionalized
porphyrin hosts 1-5.% Hosts 1
and 3 have both the coordina-
tion site (the Zn ion) and the
hydrogen bonding site (the OH
group) and can bind amino
acid esters by fixing two-
points (the NH; group and the
C=0 group), while hosts 2, 4,
and 5 have only the coordina-

R4 R»

tion site and bind amino acid

5 H H

esters by fixing one point (the

OH CH,COOCH; NH; group). The two-point
H CH,COOCH3 fixation by hosts 1 and 3 was

confirmed by circular dichro-

ism studies, IH NMR studies
and thermodynamic studies
(see Scheme 1). This binding
mode leads to the restriction of

the internal rotation along the C —C(carbonyl) bond and the restriction may affect the rotation along the C,,—

CB bond.42 The binding becomes stronger as the side chain group of amino acid ester becomes bulkier

(Table 1).4 For example, the binding constant of valine methyl ester by host 1 was 8100 M1 while that of

Scheme 1.

Rc+|4 CO,CHg
NH,

alanine methyl ester was 2200 m-1
in chloroform at 25°C. Similar
tendency was also observed for host
3.4D The main issue we focus on is
why the bulkier amino acid esters are
bound more strongly than the less
bulky ones.

There seems to be two explana-
tions for this preference for bulky
guest: (1) the larger stabilization due
to the difference in van der Waals
attraction between host and guest
and host/guest and solvent for the
bulkier guest than the less bulky one,
and (2) the difference in the intrinsic
motional entropy of a guest molecule

between bulky amino acid ester and



Restricted internal rotation of amino acid esters

Table 1. Association Constants for the Binding of Amino Acid Esters to Porphyrin Hosts 1-5 M Yin

475

CHCl; 4
1 2 3 4 5
L-Gly-OMe 3500 920
L-Ala-OMe 2200 330 1590 720 740
L-Val-OMe 8100 350 6130 650 1240
L-Leu-OMe 10900 270 6160 680 1130

less bulky one. As shown in Table 1, the binding constant for one-point recognition hosts 2, 4, and §
showed different trends. These hosts 2 and 4 did not exhibit a preference for bulky guests, and host 5 exhib-
ited a weak preference for the bulky guest. Therefore these results suggest that the preference for bulky
guest found for hosts 1 and 3 may be caused by two-point fixation of the guest through concurrent coordina-
tion and hydrogen bonding interactions. These considerations lead us to investigate the contribution of the
conformational change of the guest to the overall thermodynamics of the recognition. We focus on the
entropy change originating from the conformational change of the guest in the present study. In order to
evaluate the entropy changes of conformational origin, we developed the calculation procedure of the inter-
nal rotational entropy of amino acid esters, and examined whether this term may make important contribu-
tions to the free energy change of molecular recognition.

THEORETICAL BACKGROUND

‘We consider the entropy change of the following equilibrium.
Upon molecular association, motional freedom of
translation, rotation, and internal rotation of host and
guest would be affected to a large extent. The en- | AS°

tropy change of host—guest complexation equilibrium R YC\\O
(AS;otal) 1S given by

ASiotal = 2 Strans +Sror + Sintror +Svib+ Selectronic + S solvation
complex

- 2 Srans + Srot +Sintrot +Svib +Selectronic + S solvation
host

- z s\xans + srot + Simxol + Svib + Se]eclmnic + Ssolvation
guest

= Asua.ns +AS1o + Asim.rol + Asvib + AS clecrronic + AS solvation

If the host is rigid, the entropy of host can be considered as unchanged. Under these conditions,

ASioia = 2 S trans t S rot + S int.rot +S vibt S electronic t \) solvation
guest in complex

- 2 Strans + Srol + Sint.rol +Svip + Selecmmic + S sotvation
guest
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Table 2. Motional Changes upon Bimolecular Association ¢

D S A, D S
C-A + PR C-A---P-R

B Q

host 8uest host-guest complex
Motional Change Change in Motional Freedom  AS
translation PQRS -3 -30eu
rotation PQRS -3 -30 eu
vibration A---P +1 ~0 eu
vibration g A’P‘Q +2 ~0 eu
internal rotation B_c-AP' B A—p’Q- B A—p'R +3 5~10x 3 eu

< Only changes in motional freedom of guest are indicated.

Among these entropy terms, the translational entropy (AS,.,,o), the rotational entropy (AS,,), and the inter-
nal rotational entropy (AS;, ) are important in molecular recognition in non-polar media. Table 2 shows
the interconversion of entropy during the bimolecular association. In Table 2, only changes in motional
freedom of the guest are shown. Upon association, three degrees of translational and three degrees of rota-
tional motion of guest are converted to three degrees of vibration and three degrees of internal rotation.
Among these entropy terms internal rotational entropy (AS;p, o) is the most sensitive to molecular structure.
If selectivity or specificity of molecular recognition is concerned, internal rotational entropy may play an
important role. Thus we discuss the internal rotational entropy in detail. Because porphyrin hosts 1-5 are
relatively rigid molecules, changes in motional freedom of internal rotational motion of host will be minimal
and ignored in the present treatment. We also assumed that the vibrational motion and electronic motion
change little upon complexation and ignored the change in the vibrational entropy (AS,;,) and electronic
entropy (ASgjectronic) Of host and guest.

The internal rotational entropy was calculated from the following steps: (1) calculation of potential
energy surface for the guest, (2) calculation of the partition function of the guest, and (3) calculation of the
entropy from the partition function. Following treatment can be applied to evaluate entropy changes owing
to changes of internal rotations of a molecule in general. The potential energy (electronic and nuclear) U of
a molecule can be calculated as a function of internal coordinates of a molecule. We focused on the depen-
dence of the potential energy U on the dihedral angle <p.5 The potential energy U was calculated as a func-
tion of two dihedral angles @ and @, (Chart 1) by molecular orbital calculations. Owing to practical rea-
sons, the energy U can be calculated as a function of discrete values of ¢ and ¢,. Then a finite Fourier-
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series expansion gives the energy U as a function of continuous
values of ¢ and . Once the energy U is obtained as a function of
@1 and @5, we can calculate the partition function on the basis of
classical statistical mechanics. By use of this partition function,
R&C entropy associated with the motional freedom of internal rotation can
(p H be calculated. These procedures are shown below.
2 ’ (p1 For a rotation around a bond P-Q (Chart 2), kinetic energy
NH, can be calculated if the moments of inertia are known. Let the mo-
ment of inertia of substituents on P around P-Q axis be /,;; and that of
substituents on Q be /5;. The kinetic energy of rotation of a molecule
Chart 2. as a whole is related to rotational entropy (S_), not internal
rotational entropy (S,,,), so that kind of motion is not
Ry F‘4 included in the present reatment. Accordingly, we give a
\ restriction that the total angular momentum around the P-Q
R——F 5 axis is zero. The relative angular motion of substituents on
/ \ P to those on Q is taken as a generalized coordinate and
R3 Re denoted as ¢;. Then the kinetic energy associated with the

rotation is given by

n
1l
L = z %_ .al bi (p U((pl, P2, *°° (pn)‘ @

a(pl Iai + Ibi ) 3)

AL p? + U(Q1, @2, *** Pn)- @
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The molecular partition function ¢ is then given by

+o0

2n
= hl—" ] e~ U@ 0200k doydprredp exp(~ (E I"‘ ns lb‘ 2)/2kT)dp1dpa+++dpn
0
o (&)

2n
n
= ,/57!757 " (, /____Jm 7bi, e-UO1 92 0)KT doidosedon.
¢ h? ),I} Iai + Iy; L l

where h is the Planck's constant and £ is the Boltzmann constant.

In a system consisting of N molecules, the partition function Q is given by

Q=171!-QN. 6)

The contribution from internal rotation of n degrees of freedom to entropy can be calculated from Q:

2%
-U see
/ k%e I dgy dgy »»s d, D
S=Nk[1+=2— +

e—U/kT d% d% tes d(Pﬂ

In ( (27:kT)"’2 H m,— ] e~UNT doy do, ---d(p,,}] .

The two integrals of the above equation were evaluated numerically by use of U expressed in a finite Fourier
series. .

RESULTS

Calculation of the Entropy of Alanine Methyl Ester and Valine Methyl Ester Associated with Two
Degrees of Internal Rotation.

The entropy of alanine methyl ester and valine methyl ester associated with the two degrees of internal
rotation was calculated. We considered the rotation around the Cu—C(carbonyl) bond and the Co—Cp bond.
The dihedral angle for the former bond is @1 and that for the latter bond is @, (Chart 1). The electronic
energy U(@y, ¢p) was calculated for the 144 pairs of ¢ and ¢, at ¢; and @, intervals of 30° by an ab initio
molecular orbital calculation at the 3-21G level.®7 The geometry was fully optimized except for the two
dihedral angles @, and ¢,. The results for alanine methyl ester and valine methyl ester are summarized in
Tables 3 and 4. The total potential energy for a nuclear geometry with fixed ¢, and ¢, was then obtained
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Table 3. Conformational Energy (kcalsmol~1) of Valine Methyl Ester Calculated at the 3-21G Level as a
Function of Dihedral Angles ¢, and ¢, (deg) 4

P12 0 30 60 ) 120 150 180 210 240 270 300 330

0 549 3.03 000 343 922 868 402 239 631 682 391 336
30 814 571 207 698 153 142 699 468 114 125 672 4.83
60 107 770 550 131 188 145 676 988 167 136 527 6.6
90 961 675 681 120 143 887 613 103 137 793 294 63
120 793 523 424 776 979 613 433 673 893 516 1.88 448
150 7.87 473 206 543 884 677 290 390 7.05 575 238 382
180 757 489 187 544 110 999 463 361 829 846 431 424
210 720 472 182 632 134 118 475 403 104 104 424 394
240 747 514 270 832 141 105 346 606 119 899 260 4.14
270 877 619 428 973 135 883 423 1791 121 7.69 261 530
300 877 618 3.89 849 113 729 411 696 101 655 288 547

330 649 352 073 477 779 549 205 333 621 440 176 3.34

4 The total energy of the reference (@) =0°, 9y =60°) is -273928.91 kcalemot~1

from the above values by a Fourier series expansion of the form

U(er, o) = %Q + 2 {@rnn COS(MPy + NP3) + by SIN(MP] + NP} ®
mn

where a,,,, and b,,,, are given by

_4g)’
2m?

Z U(@i, ¢)) cos(me; + ng;) ©)

i,j

n
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Table 4. Conformational Energy (kcalemol—1) of Alanine Methyl Ester Calculated at the 3-21G Level as a
Function of Dihedral Angles @, and @, (deg) ¢

P12 0 30 60 9% 120 150 180 210 240 270 300 330
0 403 208 000 178 4.02 217 000 186 4.03 218 001 177
30 561 393 190 319 558 397 1.70 331 559 404 172 327
60 7.87 623 390 546 785 6.19 388 555 7.84 631 389 557
90 730 564 344 501 730 558 343 503 729 566 343 506
120 6.06 437 204 365 606 437 204 364 605 439 204 3.64

150 630 437 197 371 629 443 197 373 629 440 198 3.66
180 597 435 188 379 596 400 1.88 388 59 401 189 3.8

210 480 391 147 296 479 3.18 147 306 479 325 147 3.04
240 471 353 171 285 469 348 170 293 4.69 358 171 294
270 6.14 499 276 382 614 494 273 387 612 503 275 3.88
300 7.14 559 3.04 453 7.14 558 3.03 454 7.12 562 3.04 4.53

330 533 323 1.02 292 532 332 102 29 533 328 103 286

9 The total energy of the reference (9, =0°, 9, = 60°) is -225207.45 kecalemol~1

2

A .

Bn = (2:; . Ulgs, ¢ sin(mey + n@) (10)
i.j

The contour map of the conformational energy U(g,,9,) was obtained from eq 8 and shown in Figure
1. The contour lines are drawn at 2 kcalsmol~! intervals. As can be seen from Figure 1, the two conforma-
tion energy surfaces are quite different with each other: valine methyl ester has deeper potential surface than
alanine methyl ester.

The moment of inertia was calculated for the most stable conformer (¢ =-11.25°, ¢4 = 55.94°). The
calculated entropy (Sint.rot (9], @7)) from eq 7 at 25 °C was 9.2 cal*K~l+smol~! for alanine methyl ester and
7.0 caleK—lemol~1 for valine methyl ester (Table 5). This difference in entropy reflects the fact that alanine
methyl ester is more freely changing its molecular shape than valine methyl ester is. Therefore these values
of entropy can be used as a measure of rigidity of the molecule.
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Figure 1. The contour map of the potential energy U(¢,,9,) of
valine methyl ester (top) and alanine methyl ester (bottom) as a
function of dihedral angles ¢, and ¢,. The potential energy was
calculated from eq 8. The contour lines are drawn at 2 kcalsmol~!
intervals. The black region is the stable conformer.

Calculation of the Entropy of
Alanine Methyl Ester and Valine
Methyl Ester Associated with One
Degree of Internal Rotation.

The entropy of internal rotation
associated with the internal rotation
along the Ca—CB bond (¢p,) was
similarly calculated. Semi-empirical
molecular orbital calculations by the
PM3 method indicated that ¢ is —
14° in the most stable conformation
of the complex between host 1 and
leucine methyl ester.3 The dihedral
angle @ was fixed to be —14°. The
calculated entropy at 25 °C was 4.2
cal-K—lemol~! for alanine methyl
ester and 5.1 caleK—1+mol~! for
valine methyl ester (Table 5). From
the difference between the entropy
with @ and ¢, rotating (Sint.rot
(91, 9p)) and that with only ¢y
rotating (Sint.rot (¢2)), we can
estimate the entropy loss upon the
fixation of the dihedral angle @ to -
14°. The entropy loss for @y fixation
is 5.0 caleK—1emol~1 for alanine
methyl ester and 1.9 cal’K—1lemol~1
for valine methyl ester. Therefore
the entropy loss upon constraint of
internal rotation (@) imposed by,
for example, two point fixation of
amino acid ester by host 1 is less for
valine methyl ester than alanine
methyl ester. This reflects the rigid-
ity of valine methyl ester compared
with alanine methyl ester.

The entropy loss for ¢ fixation
can also be calculated by using the
potential energy U as a function of
only one dihedral angle ;. How-
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Table 5. Internal Rotational Entropy (caleK—1+mol—1) for Alanine
Methyl Ester and Valine Methyl Ester at 25°C

Sint.rot @1, 9 Sintrot @)
alanine methyl ester 92 42
valine methyl ester 10 5.1

ever, the potential curves obtained as a function of ¢, were very similar in shape between alanine methyl
ester and valine methyl ester. Therefore there was almost no difference in internal rotational entropy be-
tween alanine methyl ester and valine methyl ester when the entropy was calculated from U(@;). Therefore
this result suggests that the difference in the internal rotational entropy between alanine methyl ester and
valine methyl ester is ascribed to the correlated rotation around the Ce—C(carbony!) bond and the Co~C
bond.

DISCUSSION

Molecular recognition is caused by a set of attractive interactions such as hydrogen bonding, coordina-
tion interaction, hydrophobic interaction and so on. Large enthalpy gain (negative enthalpy change in the
system) is then compensated for by entropy loss (negative entropy change of the system). The entropy loss
is associated with changes in motion upon association. The largest entropy loss is caused by the changes in
translational degree of motion. For example, the changes of translational entropy associated with six de-
grees of motion of host and guest into translational and vibrational entropy (three degrees of translational
and three degree of vibrational motion) for the association depicted in Scheme 1 is calculated to be 34.6
cal’K—lemol~1.2 This entropy loss is primarily compensated for by the coordination interaction between the
zinc ion of the host and the amino group of the guest, and concurrent stripping of solvent molecules from the
zinc ion and the amino group. Entropy associated with rotational motion (ASror) also makes an important
contribution to the energetics of molecular association. Compared to these entropy changes, an entropy
change associated with internal rotation (ASincro0) is generally small. However, the number of degrees of
internal rotation increases as the molecular weight of the host and guest increases. Also as the number of
recognition groups increases, the enthalpy gain of the interaction of the ith recognition group is used mainly
to restrict internal motion as schematically depicted in Figure 2. It is anticipated that the contribution from
the internal rotations is important for flexible molecules. Therefore the internal rotational entropy should
become important for molecular recognition by a large molecule, especially by biopolymers.

Quantum-mechanical calculation of the conformational energy as a function of ¢ and ¢ listed in
Tables 3 and 4 indicates that potential energy barrier is higher for valine methyl ester than alanine methyl
ester. The minimum potential energy occurred always at ¢, of 180° irrespective of the values of ¢y for
alanine methyl ester whilst it occurred at either ¢, of 60° or 300° depending on the value of @ for valine
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Figure 2. Free energy changes in multi-point host—guest complexation.

A
\,‘/\Aif/-\ AG1 = AH) ~T(S yans — Sui)
1 4 AG2 = AH; —T(S10t—Svib)

' S AG; = AH; — T(Sintror =S vib) (i23)
B or i
Bi B By ™4 AG; = AH;

methyl ester. This indicates that if conformational energy calculation was carried out with ¢ fixed and all

the other internal coordinates optimized, then the potential energy surface is discontinuous in terms of ¢,

coordinate for valine methyl ester. This result demonstrates that the rotation around the Co—C(carbonyl)

axis and that around the Co—Cp axis are strongly correlated in the case of valine methyl ester. The classical

statistical mechanical calculations of the entropy associated with internal rotation of valine methyl ester and

alanine methyl ester indicate that the entropy loss upon constraint of internal rotation around the Co—

C(carbonyl) bond is smaller for valine methyl ester than alanine methyl ester. This is in agreement with

experiment where valine methyl ester is bound more strongly to porphyrin hosts 1 and 3 than alanine methyl

ester. The free energy difference {(AAG = -T(ASAla — ASVal)) between valine methyl ester and alanine

methyl ester due to the internal rotational entropy is then 0.9 kcalsmol™1, which can account for 4 to 5 times

difference in the association constant.

It should be noted that the internal rotational entropy is sensitive to the changes in molecular structures

while the translational and rotational entropy is not. In the present example, substitution of two hydrogen

atoms of alanine methyl ester by two methyl groups resulted in the entropy change of 3.1 cal’K~lemol~1,

indicating that a relatively small structural change in guest can result in a relatively large change in internal

rotational entropy. Therefore precise estimation of the internal rotational entropy is important for the mo-

lecular design of a host—guest system. Also, internal rotational entropy may play an important role in a

variety of biological functions.

The present calculation not only afforded a quantitative estimate of rigidity of a molecule but also gave
a general method to evaluate correlation of two internal rotations. This correlation of internal motion should
be important for understanding conformational equilibria and functions of biologically important molecules.
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