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Cyclodextrin Inclusion Complexes. Molecular Mechanics
Calculations on the Modification of z-Face Selectivity'
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A theoretical model (considering bimodal inclusions) for the complexation of -cyclodextrin and
several 5-substituted 2-adamantanones is discussed. The change in the s-facial selectivity observed
in their photochemical reactions with fumaronitrile was properly reproduced by either the original

or the MacroModel version of MM3 force field.

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides formed
by a(1—4) linked p-glucose units.*? They are named a-,
f-, and y-CD depending on the number of glucose units
in the macrocycle (six, seven, or eight, respectively). CDs
are one of the most widely used systems in supramolecu-
lar chemistry,® since they include a large variety of
organic compounds inside their hydrophobic, torus-
shaped cavity.

The structural study of CDs and of their complexes has
been carried out by different techniques such as X-ray
analysis,* NMR spectroscopy,® EPR,® and electrochemical
methods.” Chemical shifts>~7 and kinetic and thermo-
dynamic studies,® as well as computational methods
(CNDO,*% MD,**2 and MM?*718 ) have been used to
study the complexation process.

CDs can be considered as models for enzyme—substrate
interactions'® or as standards for molecular recognition.?
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CDs have also been widely used as chiral stationary
phases in chromatography,?=23 and they are especially
important as unique environments for certain chemical
reactions. Their presence can change the reactivity or
the stereochemical course of a determinate reaction.
Photochemical reactions are probably the most widely
studied. CDs prevent the movement of reactive inter-
mediates,?*2> increase Diels—Alder reaction rates,26-28
and increase the endo/exo ratio.?62” A recent example
shows the modification of the z-face selectivity in 7-nor-
bornene reductions.?®
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The purpose of this paper is to explain the change
observed in the z-face selectivity when several 5-substi-
tuted 2-adamantanones and fumaronitrile undergo a
photochemical cycloaddition.?® Experimental results are
summarized in Scheme 1: syn attack is favored in
aqueous solution, and anti-oxetane is the major product,
while syn-oxetane (formed by an anti attack) is formed
in presence of 5-CD. It has been assumed, but not
proved, that the change in selectivity is produced by the
difference in stability of two main inclusion complexes
(bimodal complexes).

Results

Computational Methodology. Allinger's MM3 force
field3! was used for the inclusion process emulation and
for the optimization of the complex structures. The
MM3(92) program3? was slightly modified to be able to
use the full-matrix Newton—Raphson minimizer with
molecules containing up to 210 atoms.

Previously published neutron diffraction coordinates
of 5-CD3 have been used as starting coordinates for the
host. The macrocycle was oriented so as to keep the
glycosidic oxygens in the XY plane with the hydroxym-
ethyl groups in the upper (positive) region of the Z axis.'®
The origin for the coordinate axis of reference was thus
located at the center of the heptagon formed by the seven
glycosidic oxygens. The host was kept at this position
by restraining the movement of two neighboring glyco-
sidic oxygens and the one opposite.16-18

Guest geometries were generated independently and
optimized. Two orientations were considered (Figure 1)
to produce inclusion complexes with the carbonyl group
outside the cavity able to suffer the photochemical
reaction. To emulate the formation of complex A, the
guest was oriented with the C5—R bond over the Z
axis pointing toward the positive end. For complex B,
the C7—H bond was placed on the Z axis. Initially,
guests were considered to be far from the host. The
reference atom (C5 or C7 for A and B complexes,
respectively) was located at the Z coordinate —15 (i.e., a
distance of 15 A separates the B-CD equatorial plane
and the guest reference atom),3* and its movement was
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Figure 1. Schematic representation for the two inclusion
complexes (A and B) between 5-CD and the 5-substituted
2-adamantanones 1a—f considered in this study.

115

Figure 2. Graph of the variation of the total steric energy
with the distance between the reference atom of the guest and
the XY plane (equatorial plane of the 5-CD). Energies (obtained
with MM3 force field) involved in the formation of complexes
A and B of 1d are represented by * and O, respectively.

totally restricted. The inclusion was then achieved by
increasing the Z coordinate of guest atoms by 1 A
increments until reference atoms reached the Z coordi-
nate of +15.

The graph of the total steric energy against the C5 or
C7 Z coordinate offered an overview of the guest inclu-
sion. Figure 2 depicts that for compound 1d as an
example. The global energy minima in each of the curves
obtained were reoptimized either with the block-diagonal
method or with the tandem block-diagonal/full-matrix
method3® after eliminating the guest restraints.

Solvent (water) influence was simulated using two
methods: (a) different dielectric constant values (1.5, 7.5,
and 20) in the computation of the final energy minimum
with the MM3 program®® and (b) the GB/SA solvation
model®” together with the MM3* force field implemented
in MacroModel package.® Under MacroModel, struc-
tures were optimized using a conjugate gradient or full-
matrix optimizers.

Computational Results. Table 1 shows the energy
of complex B relative to that of A, as well as their
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Table 1. Relative Energies (kcal/mol)2 and Population (%, in Parentheses)? for the Complex B between g-CD and la—f
As Obtained with Different Force Fields and Methods

MM3(92) MacroModel

compd €e=15¢ €=75¢ € =20¢ e=1.5d e=7.54 GB/SA® GB/SAd
la(R=F) 0.98 (16.1) 1.32 (9.7) 0.86 (8.9) 0.86 (8.9) 2.17 (2.5) 0.78 (21.1) 0.27 (38.8)
1b (R=CI) 1.22 (11.3) 1.47 (7.7) 1.15 (12.5) 1.37 (9.0) 2.65(1.1) 1.40 (8.6) 1.40 (8.6)
1c (R=Br) 1.37 (9.0) 0.93 (17.2) 0.69 (23.7) 1.81 (4.5) 0.80 (20.6) 1.86 (4.1) 1.97 (3.5)
1d (R = Ph) 3.75(0.2) 4.21(0.1) 3.64 (0.2) 5.29 (0.1) 4.20 (0.1) 6.42 (0.1) 5.36 (0.1)
le (R=BuY 3.54 (0.2) 0.70 (23.4) 0.21 (41.2) 3.67 (0.2) 0.16 (43.3) 5.42 (0.1) 5.53(0.1)
1f (R = OH) -0.74 (77.7) 0.16 (43.3) 0.07 (52.9) 0.18 (42.5) 1.77 (4.8) 1.19 (11.8) 1.18 (12.0)

a Relative energy is defined as the steric energy of complex B minus that for complex A. ® The population was obtained using the
Boltzmann'’s equation on the computed energy values at 298 K and without considering entropy contributions. ¢ Block-diagonal minimizer.

d Newton—Raphson minimizer. ¢ Conjugate gradient minimizer.

a)

b)

Figure 3. Computer drawings of the computed energy minimum for complexes A and B of 1f showing selected intermolecular

distances.

populations computed using Boltzmann's equation with-
out considering entropy contributions. Differences are
observed depending on the program used. Results from
computations predict complex A to be always more stable
than B. This complex was computed to be more stable
than A only in one case (1f, X = OH, ¢ = 1.5). The greater
stability of complex B for 1f could be a consequence of
existence of hydrogen bonds between the secondary OH
groups and that of 1f, while complex A may present
hydrogen bonds with the primary OH groups. The final
optimized structure for both complexes as computed by
MM3* in MacroModel is presented in Figure 3. As
shown, any distance between host and guest is short
enough as to produce hydrogen bonds between both
molecules.

The relative energy for complex B increased with the
substituent volume, especially when it was a halogen
(Table 1). This tendency is due to smaller stabilizing
host/guest interactions produced by this larger substitu-
ent size because when ¢ increases (7.5 or 20 D) the
tendency decreased, achieving smaller values for 1c than
for 1la (0.69 and 0.86 kcal/mol, respectively, ¢ = 20).
Under the MM3 scheme, large ¢ values produce reduc-
tions in the dipole—dipole and hydrogen bond interactions
almost exclusively. These interactions are more impor-
tant for the conformational integrity of the host than for
the host—guest interactions. Since studied guests are
relatively low polar, host—guest interactions are mainly
governed by van der Waals forces.

Table 2. Experimental® Binding Constants (L/mol) and
Initial and Calculated Concentrations (mM) for the
p-CD/1a—d Complexes

entry compd K [1x]i [B-CDIi [1X]eq [B-CD/1X]eq
1 la(R=F) 87x10%2 50 5.0 1.89 311
2 15 75 0.24 1.26
3 1b(R=Cl) 87x102 5.0 5.0 1.89 311
4 15 7.5 0.23 1.27
5 1c(R=Br) 82x10? 5.0 5.0 1.92 3.08
6 15 75 0.24 1.26
7 1d(R=Ph) 1.33 x 10° 5.0 5.0 1.60 3.40
8 15 7.5 0.16 1.34

The substituent interacts with the CD wall during the
formation of complex B (see Figure 2). These strong
repulsive interactions are responsible for the higher
energy of this complex. They also modify the cone-
truncated shape of 5-CD. When a large € is used, the
hydrogen bonds are weakened and the host modification
is even larger.

Torsional angles centered on the glycosidic oxygens (w;
and w,) for the isolated 5-CD present values around 120°,
the largest deformations being 4.8° and 8.8° (for e = 7.5
and 20, respectively) (see the Supporting Information).
The substituent points toward the interior of the cavity
in complex A; values for w; and w; (and deformations)
are thus similar to those found for the isolated host. The
deformation of the macrocyclic structure is much larger
in complex B (deviations of 13.6° and 15.6° are obtained
for 1c) than in complex A. Moreover, repulsive interac-
tions between the substituent and the macrocycle wall



5926 J. Org. Chem., Vol. 62, No. 17, 1997

Entrena and Jaime

Table 3. Calculated (This Work) and Experimental3® Syn/Anti Ratio for the Cycloaddition between Fumaronitrile and
Several of the 2-Adamantanone Derivatives (1a—d) in the Presence of -CD

MM3(92) MacroModel

entry compound e=152 e=752 € =202 e=15° e=75 GB/SA® GB/SAP exp
1 la(R=F)d 1.67 1.90 1.58 1.58 2.22 1.51 1.08 1.08
2 la(R=F)® 2.64 3.46 2.38 3.47 4.97 2.19 1.23 1.23
3 1b (R=Cl)d 1.56 1.69 1.53 1.64 1.95 1.65 1.65 1.70
4 1b (R=CI)® 2.74 3.23 2.60 3.04 4.59 3.09 3.09 2.85
5 1c (R =Br)d 1.69 1.43 1.26 1.85 1.34 1.87 1.89 2.03
6 1c (R=Br)® 3.77 2.20 1.75 3.82 1.95 3.90 4.03 4.00
7 1d (R = Ph)d 1.90 1.90 1.90 1.91 1.91 1.91 1.91 1.63
8 1d (R = Ph)® 5.64 5.74 5.74 574 574 5.74 5.74 3.35

9 Oms' 0.99 1.37 1.27 1.18 1.70 0.93 0.85

10 Oms? 0.65 1.25 1.02 0.94 1.94 0.44 0.11

a Block-diagonal minimizer. ® Newton—Raphson minimizer. ¢ conjugate gradient minimizer. @ [3-CD]; and [1d]i were equal to 5 mM.
e [3-CD]; = 1.5 mM and [1d]i = 7.5 mM. f Computed using all eight values. 9 Computed discarding values for compound 1d.

tilt one of the glucose rings in complex B when high ¢
values are used.

Experimental results® indicate a syn/anti ratio that
is always greater than one. This should correlate with
a larger stability of complex A over B. Although a
reasonable agreement was obtained when the MM3 force
field was used, results were more coincident when the
MM3* force field and the GB/SA solvation model were
used. Small divergences were obtained depending on the
optimization routine employed.

Discussion

Compounds 1a—f can be considered as ideal structures
to study the facial selectivity in carbonyl group addition
reactions.®® The rigidity of the adamantyl skeleton
eliminates any conformational consideration, and both
diastereotopic carbonyl faces are virtually identical from
steric considerations. In such systems, reagents attack
the carbonyl face that is antiperiplanar to the electroni-
cally richest neighboring bonds.*~42 Cieplak’s transition
state hyperconjugation*® has been invoked to explain the
facial selectivity observed (syn attack) in the photocy-
cloaddition of 1a—f with fumaronitrile.#*#? Cyclodextrins
invert this facial preference by hindering one of the
carbonyl faces.

The reaction should take place partly over the free
guest (the syn/anti ratio increases with the 5-CD/1 molar
ratio) and partly over the complex (binding constants for
these complexes are small®®). The syn/anti ratio obtained
when the reaction is carried out in the presence of the
p-CD, thus depends on three factors:

(a) The difference in the carbonyl face reactivity, which
determines the syn/anti ratio obtained from the free
guest; it should be similar to that observed in the absence
of 5-CD.

(b) The binding constant of the complexes, which
determine the amount of free and complexed guest
depending on the initial concentrations of guest and host.

(c) The stability difference of complexes A and B, which
controls the syn/anti ratio obtained from the complexed
guest.

We may, thus, write

[Syn]total = [Syn]free + [Syn]complex (1)

Considering a kinetic control of the reaction, the previous
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equation can be rewritten as
[Syn]total = Ksyn[l]free + Ksyn[complex A] (2)

This equation considers that Ky, (kinetic constant for the
syn-oxetane formation) is the same for the free and for
the complexed guest. This assumption is valid because
the change in the reactivity when -CD is present is
exclusively due to a selective hindrance over one carbonyl
face and should not affect the carbonyl group intrinsic
reactivity. The [complex A] can be estimated as the
product of the concentration of the complexed guest,
[3-CD/1], and its population, Ay, obtained from the
computed relative stability (Table 1); the same applies
to [complex B]. The total syn/anti ratio can, thus, be
obtained as follows:

[sYNlotar  Keyn [Liree T [ — CD/1]A

[antilow  Kant [Liree + [8 — CD/1]B,,,
[sYNlwater [1iree T [F—CD/1]A,,
[anti] ater [1lree + [—CD/1]B

pop _

pop

Finally, the Kqyn/Kang ratio is equal to the syn/anti ratio
obtained in those reactions carried out in water and in
the absence of 5-CD, assuming a kinetic control.

Table 2 lists the concentrations for the free and
complexed guests obtained from the experimental binding
constants® and from the initial concentrations of host
and guest. Only complexes with compounds la—d are
considered because binding constants for 1e,f could not
be determined experimentally.?® Each compound pre-
sents two entries due to the consideration of two sets of
initial concentrations for each compound.

Table 3 shows the experimentally determined syn/anti
ratios,®° those computed using eq 3 together with the
values in Tables 1 and 2, and two root-mean-square (rms)
values, one for all the four compounds (entry 9) and the
other for only the three halogenated compounds (entry
10). A generally good agreement was obtained and that
for MacroModel using the Newton—Raphson minimizer
(rms = 0.85 and 0.11) was remarkably good. MM3
results always present poorer agreement with experi-
ments. The best rms for MM3 calculations was obtained
when a low ¢ value (1.5) was used. The good results
obtained with MM3* and the GB/SA solvation model
indicate the adequacy of the tandem for this case.

The calculated syn/anti ratio for compound 1d is
markedly higher than that determined experimentally
(5.74 and 3.35, respectively). Two factors can produce
this discrepancy: (a) an overestimation of the experi-
mental binding constant and (b) an overestimation of the
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energy difference between the A and B complexes. We
do not have enough data to determine which factor is the
most important, but the extremely good agreement
between the computed and experimental syn/anti ratios
for compounds la—c suggests the energy difference is
properly computed for all the compounds.

The combination of eq 3 with the computed preference
of complex A allows the prediction of those not deter-
mined binding constants for 1e,f. Calculated values for
compound 1f (R = OH) are always in the range 101.5—
4525 M1 (depending on the initial host and guest
concentrations and on the force field used). These values
are in the range of the experimentally observed binding
constants for the other studied compounds. The calcu-
lated binding constant for le (R = t-Bu) was only
obtained in one case, being the value equal to 2900 M2,
This is the largest constant for the whole series, and it
qualitatively agrees with other experimentally deter-
mined binding preferences of cyclodextrins for molecules
containing tert-butyl groups.**

Conclusions

Molecular mechanics calculations (MM3 or Macro-
Model programs) quantitatively explain the experimen-

(44) Kotake, Y.; Janzen, E. G. 3. Am. Chem. Soc. 1989, 111, 5138.
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tally obtained syn/anti ratio for the photochemical cy-
cloaddition of fumaronitrile with several 5-substituted
2-adamantanones in the presence of 5-CD. Computa-
tions predict complex A to be always more stable than
B. This assumption agrees well with experimental
results. The preference of R = Ph and t-Bu for being
included into the -CD cavity is remarkable. The ob-
served change in facial selectivity is thus produced by
bimodal inclusion of guests inside the host, and computa-
tions can be used to predict or explain experimental
results within this series of products with a large degree
of confidence.
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