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A simple molecular mechanics force field for the study of complexes important in the bis-
(oxazoline) copper(ll)-catalyzed Diels—Alder reaction of cyclopentadiene with acrylimide
dienophiles has been developed. The parameter set has been based on the MMFF94 force
field as implemented in the Molecular Operating Environment (MOE) and supplemented
by available experimental and DFT calculated data. Control over the electronic preference
for a square-planar complex geometry has been achieved by introducing a dummy bond.
Catalyst—substrate complexes and approximate transition states have been studied by
stochastic conformational searches to investigate conformational preferences and to estimate
regio- and enantioselectivities based on the steric characteristics of different bis(oxazoline)
ligands. While prediction of regioselectivity is reliable, factors determining enantioselectivity
are more subtle, and predictions have been only moderately successful. Further computational
experiments have been used to elucidate the source of some of these discrepancies.

Introduction

The development of catalytically active transition
metal complexes has sparked a renaissance in organic
asymmetric synthesis. Reactivity and selectivity can be
considerably enhanced through metal complexation,
and, unlike biomolecular catalysis, facile access to both
enantiomers of catalyst, and hence product, is generally
retained.! The development of rational design criteria
for suitable transition metal/ligand complexes has ben-
efited from the recognition of the potential reduction in
the number of competing transition states due to the
presence of a symmetry axis within certain complexes.?
Topological analysis has suggested a beneficial interplay
between C,-symmetry and square-planar complexes.® In
line with these observations, C,-symmetrical transition
metal complexes of chiral bis(oxazoline) ligands have
found widespread application in the Lewis acid catalysis
of a variety of synthetic transformations (described for
example in refs 1 and 4), and their coordination chem-
istry has been reviewed.5

Considerable research interest has been focused on
the development of suitable complexes for the homogen-
eous enantioselective Diels—Alder reaction of acrylimide
dienophiles 1 with cyclopentadiene to give 2 in high
regio- and enantioselectivity (Scheme 1), which has
served as a testing ground for the development of chiral,
catalytically active Lewis acids (see for example refs
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6—9). While a number of main group and transition
metals have been found to catalyze this reaction, copper-
(11) complexes of suitably substituted chiral bis(oxazo-
line) and pyridyl-bis(oxazoline) ligands have been ex-
tremely successful and hence widely investigated.10-21

1

A distorted square-planar intermediate 3 has been
confirmed by a combination of X-ray diffraction struc-
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tures, double-stereodifferentiation experiments, and
PM3 semiempirical calculations (summarized in refs 22
and 21), and the importance of steric effects on selectiv-
ity has been illustrated by the experimental studies
(vide supra). The impact of oxazoline ligand variation
has been systematically investigated in a series of
experimental and computational studies.?31420 While
this work has successfully applied the ligand field
molecular mechanics (LFMM) approach to the modeling
of copper(ll) bis(oxazoline) aquo complexes, comprehen-
sive conformational searching of the catalyst—substrate
complexes and likely transition states was beyond the
capabilities of the software used. A recent investigation
has developed quantitative structure—activity relation-
ships (QSAR) for bis(oxazoline) and phosphinooxazoline
catalysts to determine the origin of the variance in
experimentally observed enantiomeric excesses.?® On
the basis of semiempirically (PM3) optimized catalyst
structures and systematic conformer searches, the
authors used comparative molecular field analysis
(CoMFA) of the copper(ll)-oxazoline units to derive a
suitable QSAR model, which allowed them to attribute
about 70% of the observed variance to the steric field of
the catalysts and to suggest structural modifications to
improve catalyst performance. Interactions between the
oxazoline ligands and the coordinated substrate have
not been considered in this analysis.

We are planning to introduce the LFMM approach
into a modern, commercially available molecular me-
chanics package and have chosen the Molecular Operat-
ing Environment (MOE)?* as a suitable platform. While
a variety of force fields have been developed to deal with
inorganic complexes (see for example Coord. Chem. Rev.
2001, 212, for a recent collection of reviews of inorganic
computational chemistry), MOE currently does not
contain any force fields suitable for modeling transition
metal complexes. As a first step toward the planned
integration of LFMM in MOE, we have extended the
MMFF94 force field?>=2° to permit geometry optimiza-
tions and conformational searching of catalyst—sub-
strate complexes and approximate transition states for
a wide variety of bis(oxazoline) ligands. This force field
was chosen because of the computational derivation of
its parameter set,?®®> the broad range of compounds
parametrized,?>282° and its strong performance com-
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pared to other popular force fields.3? Extension of a
commercially available package with a simple and
transferable force field, capable of appropriately treating
the copper(ll) bis(oxazoline) catalyst system, was aimed
at exploring MOE's capabilities with respect to transi-
tion metal complexes, as well as providing a versatile
computational tool for the theoretical evaluation of new
ligands.3! In this publication, we present a comparison
of calculated and experimentally observed regio- and
enantioselectivities to assess the success of this force
field approach and to analyze substituent steric effects
important in determining complex geometries and hence
selectivities.

Results and Discussion

A. Force Field Parametrization. The balance of
electronic and steric demands of both metal ion and
ligands generally determines the geometry of coordina-
tion complexes.31=33 It is indeed one of the main reasons
for the success of transition metal catalysts that small
variations in any of these factors can foster significant
changes in complex geometry, thus permitting stabiliza-
tion of different chemical environments and hence
control over the regio- and stereoselectivity of reac-
tions.3® A successful computational approach has to
capture both electronic and steric properties of transi-
tion metal complexes at reasonable computational cost.
Density functional theory (DFT) calculations have con-
sistently produced good agreement with experimental
data for transition metal complexes (see for example refs
34—37), but extensive conformational searching and the
investigation of large molecular systems, as would be
required for a systematic variation of bis(oxazoline)
ligand steric demands, are generally not computation-
ally viable. The application of quantum mechanical/
molecular mechanical (QM/MM) hybrid approaches to
transition metal complexes (see for example refs 38 and
39) has begun to pave the way toward a suitable
compromise between the speed of MM and the more
accurate treatment of electronic effects achieved in a
QM/DFT context. However, the definition of the parti-
tioning, embedding, and linking of areas treated at
different levels of theory remains an area of active
research (see for example refs 40—46) and as such is
not immediately suitable as a basis for an approach
accessible to the nonspecialist computational chemist.
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Figure 1. Schematic of ligand plane twisting (ideally, y
would be measured as the angle between two planes
defined by N—Cu—N and O—Cu—0; however, MOE does
not allow to define planes as part of its database analysis
facility, so y was approximated as C—C---Cu—0).

Furthermore, with no conformational search implemen-
tation of a QM/MM hybrid yet reported and their
accuracy with respect to subtle steric differences ques-
tioned,*” we opted for a full molecular mechanical
treatment for this investigation.

Due to the lack of experimentally determined struc-
tural data for the catalyst—substrate complex 3, density
functional theory calculations were used to help param-
etrize the MMFF94 force field in MOE. Both oxazoline
ligands and acrylimide dienophiles 1 were treated as
bidentate ligands, resulting in a four-coordinate copper-
(I1) center. The possibility of weak counterion coordina-
tion to yield a five-coordinate square-pyramidal copper
center, as observed crystallographically for the triflate
counterion ([O3SCF3]7),1% has been neglected in the force
field, since a similar observation has not been reported
for another common counterion, [SbF¢]~,1848 and the
inclusion of any loosely coordinated counterions would
complicate the force field parametrization significantly.
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While steric interactions favor a tetrahedral arrange-
ment of ligands about a metal center, the electronic

12

Deeth and Fey

stabilization of a d° copper(ll) center favors a square-
planar coordination geometry. Available crystal struc-
tures of the aquo complexes of copper(l1) bis(oxazolines)
display an intermediate structure, which can best be
described as a distorted square-planar ligand arrange-
ment.*12.17.18.21.48 Gradient-corrected DFT calculations
on model complex 4 (described in the Experimental
Section) gave rise to a square-planar geometry, thus
identifying control of ligand plane twisting (Figure 1)
as a key electronic effect important in determining the
complex geometry.

This electronic effect was integrated into the param-
eter set by generation of a DFT-MM difference plot*®
for model complex 3, where R, R’, R" = H, followed by
analytical fitting of the resulting energy profile (Figure
2) to the torsion potential function Eiwr = >|Cn| + >Chp
(cos (ny)), with n = 2 and y as defined in Figure 2, to
determine a rotational barrier for the observed ligand
plane twisting. The DFT-calculated profile showed a
very shallow energy minimum centered on y = 10°,
presumably in response to weak steric interactions
between the bis(oxazoline) and acrylimide ligands.

To introduce this barrier to ligand plane twisting into
the MMFF94 force field, a hidden dummy bond as
shown in Figure 3 was introduced to the catalyst—
substrate complex. [We have also explored a bonding
model where the dummy bond is located in the sub-
strate, connecting the copper atom to the acrylimidic
nitrogen. This model displayed similar properties and
a slightly better reproduction of ligand bite angles in
the presence of sterically demanding backbone substit-
uents (vide infra), but the approach described here in
detail was pursued to enhance transferability to other
Cu(ll)-bis(oxazoline)-catalyzed reactions.]

Since MOE does not permit the use of a five-
coordinate carbon atom, a new atom type Cx based on
a silicon atom was created and associated with existing
standard sp® carbon parameters. Low force constants
were used for parameters involving the dummy bond,
with terms chosen to approximate the DFT-calculated
geometry of complex 3. Ideal bond lengths and angles
for “real” parameters related to the copper atom were
based on available experimental and DFT-calculated
data, while force constants were derived from existing
parameters. In the absence of a sufficiently large data

10

o] (o]
L I

relative energy / kcal mol’
N

2 4
0 ¢
4
-2
-4
x!°
‘ DFT = =-=--- MM — & — difference - - ©- - MM, parameterised

Figure 2. Ligand plane twisting energy profiles for model 3 (R, R', R" = H).
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Table 1. Summary of Complexes Modeled
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R) R,=H,R,=H =Me,R,= R, =Me, differentiation
H R,=Me (see part D)
R, n
H{Me|l|2(|3]|4
5 H al|b |[c|dfe]|f h yes (5§, k)
6 Me b i
7 Et b
8 Pr b
9 ‘Bu b h i ves (95, k)
10 | Ph al|lb |[cfd|e|f h (R,=H,i_1) | yes (10, k)
11 | CHPh b i
12 | CHPh, b
13 | ind* a|b |c|dfe]|f i yes (13, k)
14 | thn alb |c|dfelf

Figure 3. Dummy bond model.

set for structural comparison and verification, param-
eters were not refined beyond these basic approxima-
tions. It should also be noted that the same carbon
parameters were used for all bis(oxazoline) backbone
variations (vide infra), overriding ring-size-specific auto-
typing by the program. Any parameters added to the
MMFF94 default terms are included in the Supporting
Information as Table S1.

The resulting MM ligand plane rotational energy
profile showed that the fitted parameters underestimate
the overall barrier, but reproduction of the energy
profile’s curvature at small ligand plane twist angles y
resulted in better agreement with available structural
data (rms deviation from DFT of 1.86 kcal mol~! for
entire profile, 0.30 kcal mol~* for range y = 0—60°). The
derived force constant was therefore used without
further modification. The relevant ligand plane twist
energy plots used for parameter fitting are shown in
Figure 2.

B. Catalyst—Substrate Complexes. The force field
was verified by comparison of fully optimized MM and
DFT structures for 5a—f (data included in Supporting
Information, Table S2), as well as comparison of rel-
evant MM optimized structures with the crystal struc-
tures of the catalyst-aquo complexes related to 8—10
(Table 2).16:1848:50

Agreement between DFT- and MM-calculated struc-
tural parameters (Table S2) is generally satisfactory,
with rms deviations of 0.04 A, 4.45°, and 3.24° for bond
lengths, angles, and torsions, respectively. MM-calcu-
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Table 2. Comparison of Selected Structural Parameters for Crystal Structures of Aquo Complexes and
MM Optimized Catalyst—Substrate Complexes

o

o] Q,
{ NIVlN\) o = ligand angle (C-C-C)
N-c-c-yj’ X 8 B = bite angle (N-Cu-N)
< 2‘)_ s x=ligand plane twist (C-C~Cu-O, Fig. 1)
O Ole 8 = substrate angle (O-Cu-O)
)'\NJ\/ ¢ =0=C-C=C
O\_,J N-C-C-X = substituent orientation
no. rN—Cu/A o/deg pldeg x/deg N—C—-C—X/deg 2 ref
(a) Aquo Complex Crystal Structures
(S,S)Cu-{'Pr-box} 1.97 1125 91.5 10.2b —58.2 18
(OH3)2(SbFg)2 (cf. 8b) 1.96 —51.5
(S,S)Cu-{'Bu-box} 191 111.2/113.8 94.0/95.2 42.6/42.7° 176.9 17, 48
(OH2)2(SbFe)2 (cf. 9b)¢ 1.91/1.94 —175.5/179.9
1.93 —179.8
(S,S)Cu-{'Bu-box} 1.92 113.1 94.1 38.0° —177.9 16, 17
(OH32)2(03SCF3) (cf. 9b) 1.96 178.9
(S,S)Cu-{Ph-box} 2.00 112.0 88.9 —12.80 36.3 18
(OHz)z(SbFe)z (Cf 10b) 2.00 42.1
(b) MM Structures of Catalyst—Substrate Complexes?
8b 1.95 114.0 90.9 39.5 173.6 this work
1.95 173.8
9b 1.95 114.0 91.1 40.2 —177.6 this work
1.95 —-177.7
10b 1.95 113.8 90.4 23.2 36.3 this work
1.95 53.8

aX = H (iPr), C (‘Bu, Ph). ® Average of both possible y. ¢ Two molecules in unit cell. ¢ From 100 iteration stochastic conformational

searches.

lated ligand plane twisting angles correspond quite well
with the DFT-calculated shallow energy minimum
around y = 10° for the unsubstituted bis(oxazoline)
complex (Figure 2). However, the MM force field gives
rise to very large ligand internal and bite angles (o and
S, respectively) in the presence of sterically demanding
cyclopropyl and cyclobutyl backbone substituents (5c,d).
This may be related to the use of the same backbone
parameters independent of ring size, as well as the
neglect of electronic effects to counter these distortions.
A similar trend, albeit less pronounced, has been
observed in the LFMM study of copper(ll) bis(oxazoline)
aquo complexes.?°

Comparison of selected structural parameters for the
MM optimized catalyst—substrate complexes 8b—10b
and the crystal structures of the corresponding catalyst-
aquo complexes shows generally good agreement. The
main discrepancies arise for the ligand plane twisting
angles y observed for the isopropyl- and phenyl-
substituted bis(oxazoline) ligands. The small ligand
plane twist angles (y) observed for phenyl-substituted
10b may be related to the change in steric demands on
replacing the acrylimide substrate with water mol-
ecules. This facilitates the closer approach to planar
coordination of the smaller water ligands and is thus
in good agreement with the broad energy minimum
observed for the DFT energy profile of model 3 (Figure
2, R, R, R" = H). The change in sign for the aquo
complex may likewise be related to the reduced steric
interactions between the phenyl substituents on the bis-

(47) Michalak, A.; Ziegler, T. Organometallics 2000, 19, 1850.
(48) Evans, D. A.; Peterson, G. S.; Johnson, J. S.; Barnes, D. M;
Campos, K. R.; Woerpel, K. A. J. Org. Chem. 1998, 63, 4541.
(49) Hopfinger, A. J.; Pearlstein, R. A. J. Comput. Chem. 1984, 5,
486.
(50) Fletcher, D. A.; McMeeking, R. F.; Parkin, D. J. Chem. Inf.
Comput. Sci. 1996, 36, 746.

(oxazoline) ligand and the coordinated waters, giving
rise to a generally shallow potential energy surface
(PES) with respect to ligand plane twisting. Intermo-
lecular interactions in the crystal environment could
also have reduced ligand plane twisting in the observed
structure, which would again be facilitated by a shallow
PES. For the isopropyl-substituted 8b, the different
substituent orientations should be noted. The lowest
energy structure found in the 100-step stochastic con-
formational search has both isopropyl substituent hy-
drogens twisted away from the copper center (ON—C—
C—H = 173.8°/173.8°), hence presenting a substituent
profile similar to that of a tert-butyl group to the core
of the complex. However, two further conformers, one
with mixed substituent orientation (ON-C—-C—-H =
—54.2°/173.9°) and one presenting the sterically least
demanding H to the complex core (ON—C—C—H =
—54.3°/-54.3°), may be observed within 0.2 and 0.7 kcal
mol~! of the energy minimum, respectively. Given these
small energy differences, these conformers would be
significantly populated at the reaction temperature
(commonly between —78 and +25 °C). The associated
ligand plane twist angles y of 24.0° and 24.9° clearly
illustrate the balance of substituent size and ligand
plane twisting as well as highlighting the importance
of performing conformational searches. Agreement with
the average y = 10.3° observed for the corresponding
catalyst-aquo complex is thus improved. The dominant
steric influence of the tert-butyl substituents in 9b is
expressed as good structural agreement between the
acrylimide- and aquo-substituted catalyst complexes.

Figures 4 and 5 show a summary of key structural
parameters determined from 100 iteration MM stochas-
tic conformational searches for some of the catalyst—
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Figure 4. Variation of ligand angle (o)) with bis(oxazoline) ligand.
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Figure 5. Variation of ligand plane twist angle (y) with bis(oxazoline) ligand. (Note: 10c, two energetically equivalent

structures).

substrate complexes 5—14. The underlying data have
been included in the Supporting Information as Table
S3.

Figure 4 confirms the exaggerated response of MM
optimized structures to variations in the backbone
substituents (vide supra), resulting from the use of
carbon parameters independent of ring size. Variation
of bis(oxazoline) steric bulk clearly correlates with
changes in the values of y both in the lowest energy
conformers (Figure 5) and for Boltzmann population-
weighted averages (Table S4). Larger, more three-
dimensional substituents generally force larger ligand
plane twist angles. The impact of substituent size and
shape may be illustrated by comparing the lowest
energy conformers of 13b and 14b, where the enhanced
three-dimensionality of the tetrahydronaphthalene-
substituted bis(oxazoline) 14b gives rise to the larger
values of y observed.

The pronounced response of ligand plane twist angles
to bis(oxazoline) substituent variations may be verified
from rotational energy profiles, generated by stepwise
modification of the ligand plane twist angle followed by
partial geometry optimization, keeping the ligand donor
atom positions fixed. Catalyst—substrate complexes 5b,
9b, 13b, and 14b have been chosen as prototypical
examples of the bis(oxazoline) ligands investigated, for
which substituent conformational freedom is limited,

13b 14b
Figure 6. Lowest energy conformers of 13b and 14b.

and more detailed exploration of conformational space
could thus be neglected. The resulting energy profiles
(Figure 7) confirm the energy minima identified from
the corresponding conformational search results (Tables
S3, S4). Unsubstituted 5b displays a very shallow
energy profile, with a broad minimum at y = —10°, in
agreement with both DFT geometry optimizations and
MM conformational searches. In line with observations
derived from Figure 6, the indanyl-substituted oxazoline
13b displays a shallow energy profile with a minimum
at y = 20°, while the more three-dimensional tetrahy-
dronaphthalene group of 14b gives rise to a slightly
steeper profile at low y and a broad energy mimimum
spanning y = 30—40°. The considerable steric hindrance
exerted by the tert-butyl substituents of 9b translates
into a steep energy profile with a minimum centered
on y = 40°. A qualitative estimate of the energetic cost
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Figure 7. Ligand plane twist angle (y) rotational energy profiles for catalyst—substrate complexes 5b, 9b, 13b, and 14b.

of distortion away from the minimum conformation may
be gained by inspection of relative energies at 10° above
(and below) the minimum. While the shallow energy
profiles of 5b and 13b cause the energy to increase by
only 0.1 (0.2) and 0.2 (0.3) kcal mol~1, respectively, the
steeper slopes observed for 9b and 14b cause energy
increases of 0.8 (0.7) and 0.5 (0.7) kcal mol™! respec-
tively.

The extent of conformational freedom around the O=
C—C=C bond (¢) in the acrylimide substrate has also
been investigated by generation of rotational energy
profiles (Figure S1) for complexes 5b, 9b, 13b, and 14b.
In this case no significant substituent differentiation
could be observed, indicating that ligand plane twisting
is sufficient to relieve steric strain in these catalyst—
substrate complexes. All four profiles show a minimum
around ¢ = —10°, and at 10° above (and below) this
energy minimum, the energy increases by a maximum
of only 0.1 (0.05) kcal mol~1.

Table 3 lists distinct substituent orientations and
relative energies for the alkyl- and phenyl-substituted
bis(oxazolines) 6b—12b and 10h. The methyl (6b) and
tert-butyl (9b) substituents display the expected Cs-
symmetry in their substituent conformational prefer-
ences, while both the ethyl (7b) and isopropyl (8b)
groups may be associated with increased conformational
variability, in line with the balance between substituent
size and ligand plane twist angle (y) discussed for the
isopropyl substituent (vide supra). Similar, but ener-
getically more distinct, conformations may be observed
for the bulkier substituents of 11b and 12b, where
phenyl groups have replaced the methyl substituents
of 7b and 8b. Especially for 12b, the increase in steric
bulk results in a clear preference for the conformation
with the hydrogen atom pointing toward the core of the
complex, in contrast to the variability discussed for 8b.
The essentially two-dimensional nature of the phenyl
substituents in 10b gives rise to a number of conforma-
tions close in energy, with the partial steric restriction
of phenyl rotation in 10h resulting in a reduction of
distinct conformers as well as an increase in energy
differences.

C. Reaction Selectivity Predictions. With the
structural reliability of the force field as well as sub-

Table 3. Distinct Substituent Orientations (listed
according to first occurrence)

relative
no. substituent E/kJ mol~t! N—C—C—X1/N—-C—-C—X2/deg y/deg
6b Me (X =H) 0.00  179/179; 59/59; 179/59 20
0.05 179/-61; —61/59 20
7b Et(X=C) 0.00 —69/59 35
0.73  —171/-69 21
2.76  59/59 24
343 —171/59 20
458 —-171/-171 20
18.82  —169/179 25
19.21  —169/-82 29
19.61  58/179 28
8b Pr(X=H) 0.00 174/174 40
0.90 174/-54 25
290 —54/-54 25
406 174/62 34
543 62/-54 26
8.34  62/62 35
9b Bu(X=C) 0.00 —178/—178; 61/—60; 61/61; 40
61/—178; —60/—178;
—60/—60
10b Ph (X=C) 0.00  —145/54; 36/54; 36/—126; 23
—126/—145
0.51 —142/-148 38
0.77  39/42; —141/42; —141/-139 28
1.03  34/-140 35
10h Ph (X=C) 0.00  29/—150; —151/—150; 29/30 44
3.83  —143/28; —152/37; 28/37 45
441  —146/—151; —146/29 26
4.44 —152/38 44
7.46  —145/-142; —142/36; 36/39 25
11b CH,Ph (X=C) 0.00 —72/51 37
2.39 —170/-72 35
9.92 51/52 26
11.83  —170/51 23
14.20 —170/-171 30
12b CHPh, (X =H) 0.00 56/56 34
3.46 56/—44 22
14.44  —63/55 30
14.83  54/-71 54
15.77 —46/—49 24
16.44 178/56 36
19.23  177/-45 19

strate—catalyst complex conformational preferences
established, we were interested in determining its
performance with respect to regio- and enantioselectiv-
ity predictions (Scheme 2). Experimentally, this reaction
proceeds with high regioselectivity in favor of endo
attack and with high enantioselectivity in favor of
product P_n1, when catalyzed by copper(ll) bis(oxazo-
line) complexes.
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Scheme 2
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Gradient-corrected DFT linear transit calculations
were performed for both possible modes of the experi-
mentally favored endo attack of cyclopentadiene on
complex 5b (see Experimental Section for details). At
the energy maxima of the respective linear transit
paths, geometries were subjected to a full transition
state optimization,5152 where the converged transition
state geometry is identified by a single negative eigen-
value in the Hessian. In line with the shallow energy
profile predicted for model 3 (Figure 2, R, R', R" = H),
several transition state geometries could be identified
for both modes of endo attack. These were within 1 kcal
mol~1 of each other and differed mainly in the values
calculated for the ligand plane twist y. As expected for
the symmetrical catalyst complex, the lowest energy
conformers TS_nl and TS_n2 were essentially mirror
images of each other, differing by only 0.01 kcal mol~?!
and with ligand plane twists y of 29.0° and —29.0°,
respectively. These structures have been included in the
Supporting Information (Figure S2). As both modes of
attack showed similarly asymmetric distances between
the dienophile a- and g-carbon atoms and the reacting
atoms on the dienophile, a more complete investigation
of ligand plane twist conformational freedom was not
pursued in this case. The a-C—C distance has been
calculated as 2.85 A, whereas the -C—C distance is
much shorter at 1.71 A. This observed asymmetry of
the diene—dienophile carbon distances in the transition
states is in good agreement with previous DFT-
calculated transition states for the butadiene and ac-
rolein Diels—Alder reaction.>® In response to the direc-
tion of attack, the transition states display O=C—-C=C
twisting (e) of similar magnitude, but in opposite direc-
tions (TS_nl e = —5.6°, TS_n2 ¢ = 5.6°).

Initial inspection suggested that the corresponding
catalyst—product complexes might approximate the
steric demands of these transition state geometries.
However, the calculated energy differences were found
strongly in favor of the exo-products, with the newly
formed bicyclic ring systems often twisting perpendicu-
lar to the plane of the complex (Figure 8). Due to this
loss of planarity, the catalyst—product complexes dif-
fered significantly from the calculated transition state

(51) Versluis, L.; Ziegler, T. 3. Chem. Phys. 1988, 322, 88.
(52) Fan, L.; Ziegler, T. J. Am. Chem. Soc. 1992, 114, 10890.
(53) Kong, S.; Evanseck, J. D. 3. Am. Chem. Soc. 2000, 122, 10418.
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Figure 8. Catalyst—product complexes of 6b (minima of
100 iteration conformational searches).

geometries and selectivity predictions could not be
made.

To avoid the generation of transition state parameters
and associated minimizer problems (see for example ref
54 for an early review), the four possible transition state
geometries were approximated by a combination of fixed
atoms and atom distance restraints (described and
validated in the Experimental Section). These transition
state geometries were assumed to be transferable, i.e.,
independent of bis(oxazoline) substituents, thus avoid-
ing extensive transition state searches at the DFT level.
Approximate transition states for all four possible modes
of attack were used as starting structures for 1000
iteration stochastic conformational searches. Assuming
that the calculated energy differences of these transition
states correspond to their reactivity, Boltzmann popula-
tions could be determined, which were used to assess
the regio- and enantioselectivity of different copper(ll)
bis(oxazoline) complexes. The enantiomeric excesses (e€)
predicted for different bis(oxazoline) substituents have
been summarized in Table 4, while the corresponding
diastereomeric excesses (de) may be found in the Sup-
porting Information (Table S5). Figures 9 and 10
compare available experimental regio- and enantiose-
lectivities with the calculated predictions.

Small energy differences associated with low selec-
tivities are particularly difficult to predict computation-

(54) Eksterowisz, J. E.; Houk, K. N. Chem. Rev. 1993, 93, 2439.
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Figure 10. Comparison of experimental and calculated enantioselectivities (ee, %) for bis(oxazoline) ligands.

ally, so the correctly predicted trend toward reduced
regioselectivity for 10h and 10i_1 is very satisfactory.
While exo attack is sterically favorable, the major
product observed for most Diels—Alder cycloadditions
is the result of a more hindered endo attack, suggesting
kinetic control of the reaction. The standard textbook
“rule-of-thumb” explanation attributes this observation
to a lowering of the activation energy by secondary
orbital interactions between the z-electrons of the diene
and unsaturated substituents in the dienophile.55:56
Since MM force fields by definition neglect such orbital
interactions, the predicted regioselectivities are in
surprisingly good agreement with available experimen-
tal data (Table S5, Figure 9) and suggest that steric
factors contribute to the observed regioselectivity.

(55) Isaacs, N. Physical Organic Chemistry, 2nd ed.; Longman Group
UK Ltd.: Harlow, 1995.

(56) Fleming, 1. Pericyclic Reactions; Oxford Chemistry Primer No.
67; Oxford University Press: Oxford, 1999.

Table 4. Enantiomeric Excesses (ee) Calculated
from MM Transition State Conformational Searches

no. T/K calc ee?/% expt ee/% ref no. T/K calc ee?/% expt ee/% ref

5a 213 0.6 11b 298  50.3

5b 213 -305 11i 298  98.3 8 67
5h 213 186 12b 213  97.4

6b 213 504 13a 195 455 980 7
6i 213 233 13b 223  26.3 825 13
7b 213 225 13c 223 8.5 963 13
8b 195  90.8 58 10 13d 223 333 920 13
9b 195 756 >98 10 13e 223  21.7 895 13
oh 213 796 13f 223 3.7 83.0 13
9i 258 787 97 10 13g 223 263 895 14
10a 213 976 13i 213 737

10b 195  97.9 30 10 14a 213 69.1

10c 213  96.3 14b 213  51.9

10d 213 9238 l4c 213 -52.3

10e 213  98.9 14d 213 555

10f 223 99.9 14e 213  66.6

10g 223 974 460 14 14f 213 —195

10h 298  98.0 10 17 14g 223 40.2 49 14
10i_1 298 994 0(nr) 67

2 Negative values indicate preference for n2 transition state;
n.r. = near racemic.
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We have performed structural analyses of all confor-
mational search results and thus determined Boltzmann
population weighted averages of ¢ and y for all four
possible transition states, which have been included in
the Supporting Information (Table S6). Weighted ligand
plane twisting angles (y) are generally more similar for
the same direction of attack; that is, agreement between
the n1 and x1 transition states, as well as between n2
and x2, may be observed, and differences in y can thus
be ruled out as the source of regioselectivity. Inspection
of the weighted O=C—C=C torsion angles (¢) reveals a
general trend toward larger values of ¢ for the exo modes
of attack, but energy profiles generated for rotation
about € for the catalyst—substrate complexes (Figure S1)
suggest only a small energetic cost for distorting the C=
C double bond from coplanarity. The distortion of the
endo cyclopentadiene (CpH) fragments from planarity
is in good agreement with the deformation of the ring
system in the DFT-calculated transition state structures
(rms distances < 0.1 A for heavy atom superposition).
Determination of the strain energies for the isolated
CpH fragments at the relevant transition state confor-
mations shows the endo mode of attack to give rise to
strain energies between 0.2 and 0.6 kcal mol~! below
those of the exo transition states. Unfavorable interac-
tions between bis(oxazoline) ligand and hydrogens on
the saturated CpH carbon result in a more pronounced
distortion of the CpH fragment for the exo transition
states than for endo attacks. The combined energy
contributions from O=C—C=C deviation from planarity
and the distortion of the cyclopentadiene structure are
the main energetic factors in determining regioselec-
tivity.

The prediction of enantioselectivities is less successful
with respect to the detailed reproduction of experimen-
tal results. The deviation appears to arise from a
number of contributing factors:

(a) From the Boltzmann population weighted aver-
ages of y for the different transition state geometries
(Table S6), supplemented by the relevant rotational
energy profiles for 9b (Figure S3), the increase in ligand
plane twisting in response to unfavorable steric interac-
tions of the reacting site with the bis(oxazoline) sub-
stituents observed for the n2 (and x2) transition state
may be identified as the main source of energetic
distinction between the endo transition states and thus
of the predicted enantioselectivities. For steep energy
profiles such as 9b, even small differences in y give rise
to reasonable energy differences and hence enantiose-
lectivity predictions in acceptable agreement with ex-
periment. However, shallow energy profiles as obtained
for 13b and 14b will be less responsive to changes in y
and hence result in smaller energy differences and
reduced selectivities. This highlights the importance of
controlling the extent of ligand plane twisting and
potentially questions the transferability of the ligand
plane twisting parameter to all types of bis(oxazoline)
complexes.

(b) Despite the exaggerated effect of backbone varia-
tions on the MM optimized geometries, predicted enan-
tioselectivities for the indane and tetrahydronaphtha-
lene bis(oxazoline) ligands are in poor agreement with
available experimental data and display no consistent
trend in response to structural modifications. In part,
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this may be related to the shallow energy profiles
observed for the catalyst—substrate complexes 13b and
14b (vide supra), but in the absence of further experi-
mental or DFT-calculated structural data, the interde-
pendence of ligand/bite angle and ligand plane twisting
is difficult to assess and subtle electronic effects might
be important in these cases, which would again affect
the transferability of parameters and may not be
captured well by a standard MM approach.

(c) Given the importance of asymmetric bis(oxazoline)
substituent steric bulk in determining the enantiose-
lectivity imparted by the catalytic system, the assump-
tion that the approximate transition state geometries
are fully transferable, i.e., independent of the substit-
uents, should also be questioned. Calculations to vali-
date the definition of transition state geometry used
(described in the Experimental Section) have indeed
shown that agreement between experimental and cal-
culated enantioselectivities may be improved by slight
modifications to the transition state geometry (Table
S7). To achieve consistency, DFT transition state searches
on fully substituted catalyst complexes rather than a
simplified model would have to be undertaken for each
group of substituents studied. The energetic reliability
of the MM optimized transition states can be tested by
performing single-point DFT calculations on the two
possible endo transition states of 9b as located by MM
conformational searches. While at MM level the n2
transition state lies 1.8 kJ mol~! above the n1 mode of
attack, at DFT level this energy difference increases to
7.1 kJ mol~1, thus improving the predicted enantiose-
lectivity from nl:n2 = 73:27 to 98:2, if only these two
transition state conformations are considered. This
rough test suggests that the MM-calculated energy
differences underestimate DFT energy predictions. How-
ever, given the observed interplay between substituent
orientations and ligand plane twisting, a more complete
sampling of conformational space would be computa-
tionally very expensive, and in the interest of simplicity
and versatility of this modeling approach, this has not
been pursued further at this stage.

(d) While the expected trend toward an increase in
enantioselectivity with substituent steric hindrance may
to some extent be observed for the alkyl substituents,
the discrepancy for isopropyl (8b) and tert-butyl (9b)
substituents is considerable. At least in part this may
be related to the isopropyl substituents favoring con-
formations that remove the sterically less demanding
hydrogen atom from the core of the complex, hence
increasing steric resemblance to the tert-butyl group
(vide supra). Assuming full transferability and hence
reliability of the underlying original MMFF94 param-
eter set, restriction of alkyl substituent rotational
freedom, e.g., through weak association of counterions
or the presence of solvent molecules, might be sufficient
to favor conformations with the hydrogen atoms of the
isopropyl group turned toward the copper atom, hence
reducing y and predicted enantioselectivities, but these
effects have not been considered in this study. Confor-
mational freedom of the phenyl substituents, where
enantioselectivity is also overestimated, might likewise
be reduced by weak interactions with solvent molecules
or counterions, which will be discussed further in section
D. [In this case, parameters for rotation about the
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Table 5. Summary of Experimental Data for 9j,k

and 10j,k
no. R = substrate T/K endo:iexo de (%) ref
9j ‘Bu (R)-15 195 99:1 >98 10, 17
9k  'Bu (S)-15 195 97:3 36 10, 17
10j Ph (R)-15 195 99:1 92 17
10k Ph (S)-15 195 95:5 —-82 17

a Based on nl:n2; negative values indicate preference for n2
product.

oxazoline—phenyl C—C bond have been verified by
comparison of DFT- and MM-calculated rotational
energy profiles for 4-(S)-phenyl-2-oxazoline (rms error
= 1.24 kcal mol~! for single-point calculations, with
discrepancies mostly for energy maxima).]

D. Double Stereodifferentiation Experiments.
While the crystal structures of the catalyst—aquo com-
plexes clearly display a distorted square-planar ligand
arrangement about the copper(ll) center6-1848 and the
observed product distribution has been rationalized
based on a square-planar catalyst—substrate intermedi-
ate (see for example refs 12, 17, 57), its existence in
solution has not been directly confirmed from the
experimental data. Evans and co-workers have devised
a series of double-stereodifferentiation experiments,721.57
where an additional chiral center is introduced to the
substrate, giving rise to stereochemically matched and
mismatched reactions with respect to the bis(oxazoline)
chirality. Reaction of (R)-15 (Scheme 3) is expected to
correspond to the stereochemically matched case for a
square-planar complex, whereas a tetrahedral coordina-
tion would make this the mismatched case. The opposite
is true, if substrate (S)-15 is used. The experimental
results have been summarized in Table 5.

As expected (vide supra), and since confirmed by DFT
calculations, the catalyst—substrate complex indeed
adopts a distorted square-planar geometry about the
copper(ll) center. However, an interesting observation
from this set of reactions for 9j,k and 10j,k is that for
the sterically demanding tert-butyl-substituted com-
plexes (9j,k), the predominant stereochemically mis-
matched product is determined by the catalyst chirality,

(57) Evans, D. A.; Lectka, T.; Miller, S. J. Tetrahedron Lett. 1993,
34, 7027.
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Table 6. Predicted Regio- (endo:exo) and
Stereoselectivity (de) Results from
Double-Stereodifferentiation Calculations
(restr. = restrained geometry)

no. R= substrate endo:exo de (%)2
5j H (R)-15 95.5:4.5 65.7
5k H (S)-15 95.1:4.6 —69.9
9j Bu (R)-15 95.5:4.1 95.9
9k Bu (S)-15 97.8:2.2 64.8
10j Ph (R)-15 96.7:3.3 100.0
10k Ph (S)-15 97.1:2.9 94.0
10j Ph, restr. (R)-15 91.2:8.8 77.4
10k Ph, restr. (S)-15 97.3:2.7 —-9.1
13j ind (R)-15 97.2:2.8 95.7
13k ind (S)-15 97.1:2.9 —-8.4

a2 Based on nl:n2; negative values indicate preference for n2
product.

whereas the product of the less hindered phenyl-
substituted complexes (10j,Kk) is controlled by the di-
enophile substrate chirality.

To further assess the reasons for the discrepancies
between experimental and calculated selectivities for
the essentially two-dimensional phenyl and indanyl bis-
(oxazoline) substituents, 1000 iteration stochastic con-
formational searches on the transition state complexes
incorporating a chiral substrate along with tert-butyl-,
phenyl-, and indanyl-substituted bis(oxazolines) 9j,k,
10j,k, and 13j,k, as well as the unsubstituted complex
5j,k, have been performed. The predicted regio- and
enantioselectivities have been summarized in Table 6.
In response to the unsatisfactory agreement between
calculated and experimental enantioselectivities for
phenyl-substituted 10k (vide infra), conformational
searches were repeated with restrained starting geom-
etries, such that the N—C—C—C torsions mimicked the
phenyl ring orientation observed in indane bis(oxazo-
line) ligands (N—-C—C—-C = 120° weight 10). (The
weighting indicates the proportion by which the total
potential energy is increased in response to violation of
the target value.) These results have also been included
in Table 6.

Predicted regioselectivities are again in good agree-
ment with experimental observations. The results for
the unsubstituted complexes 5j,k confirm that enantio-
selectivity has been induced by the substrate chirality.
Similarly, enantioselectivity for the tert-butyl-substi-
tuted complexes 9j,k is controlled by the oxazoline
chirality, and predictions are in reasonably good agree-
ment with the experimental data (Table 5). While
predictions for the stereochemically matched reaction
of 10j are in good agreement with experiment, the
mismatched reaction for 10k is predicted to be con-
trolled by the oxazoline chirality, indicative of a steri-
cally demanding substituent similar to tert-butyl, in
contradiction of the experimental data. The results for
the indane-substituted bis(oxazoline) complexes 13j,k
correspond to the substrate chirality control expected
for a sterically less demanding group and confirm the
viability of this double-stereodifferentiation calculation
approach for assessing the steric demands of bis-
(oxazoline) substituents. When the conformational
searches were repeated with the phenyl substituent
conformational freedom restrained to geometries re-
sembling the indane, agreement between calculated and
experimentally observed enantioselectivities was im-
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proved considerably for the stereochemically mis-
matched case (10k). In line with results discussed
previously, this may indicate more limited conforma-
tional freedom of the phenyl substituents in solution and
under reaction conditions, possibly related to interac-
tions with surrounding solvent molecules and counter-
ions. Unrestrained rotation of the phenyl rings turns
these into essentially three-dimensional ligands, as
confirmed by the double-stereodifferentiation calcula-
tions. In the reaction environment this rotation may be
more restricted, with the phenyl-substituted bis(oxazo-
line) ligand resembling the indanyl-substituted ligand
in terms of steric demands.

Conclusions

We have presented a comparatively simple extension
to the well-known MMFF94 molecular mechanics force
field, which permits the computational investigation of
substituent effects in bis(oxazoline) copper(l1)-catalyzed
Diels—Alder reactions between cyclopentadiene and
acrylimides, but would also be adaptable to similar
catalyst complexes. Conformational preferences of cata-
lyst—substrate complexes and approximate transition
states have been investigated and regio- and enantio-
selectivities have been predicted from conformational
search results.

Calculated regioselectivities were in surprisingly good
agreement with available experimental data, despite the
potential importance of secondary electronic effects in
favoring endo selectivity as advocated by standard
textbooks. This could be linked to the energetic dif-
ferentiation of exo and endo transition states derived
from a combination of out-of-plane deformation of the
dienophile and the more pronounced distortion of the
cyclopentadiene in response to unfavorable interactions
with the bis(oxazoline) ligands in the exo transition
states.

The prediction of enantioselectivities, found to arise
from differences in ligand plane twisting (y), was
considerably less successful and affected by a number
of factors. Given the importance of control over the
ligand plane twist angle y, transferability of the relevant
parameter to all types of bis(oxazoline) ligands will need
to be investigated further. In addition, prediction of the
effect of systematic bite angle variations on enantiose-
lectivity has been very poor and appears to necessitate
a more balanced treatment of electronic and steric
effects. In some instances, excessive conformational
freedom gave rise to an overestimation of enantioselec-
tivities, which could be improved by modification of the
original MMFF94 parameter set or a more comprehen-
sive representation of the reaction environment, to
include, for example, solvation and counterion coordina-
tion. The presence of different counterions in particular
has been found to influence reactivity and selectivity
in a range of reactions catalyzed by copper(ll) bis-
(oxazoline) complexes, and their steric influence merits
further investigation.1722585°% The analysis of conforma-
tional freedom for different bis(oxazoline) catalysts was

(58) Evans, D. A.; Kozlowski, M. C.; Murry, J. A.; Burgey, C. S.;
Campos, K. R.; Connell, B. T.; Saples, R. J. 3. Am. Chem. Soc. 1999,
121, 669.

(59) Evans, D. A.; Rovis, T.; Kozlowski, M. C.; Tedrow, J. S. J. Am.
Chem. Soc. 1999, 121, 1994.
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supplemented by a series of computational double-
stereodifferentiation experiments, which allowed the
steric characteristics of key substituents to be deter-
mined. While transition state geometries may be af-
fected by the steric requirements of different bis-
(oxazoline) ligands, the assumption of transition state
transferability could also have affected the quality of
the calculated enantioselectivity predictions, thus pro-
viding a further avenue of investigation. DFT single-
point calculations on two MM optimized transition state
conformations showed the energy differences to be
underestimated at the MM level, thus underlining the
need for a more comprehensive treatment of both steric
and electronic contributions to predicted selectivity.

We have recently successfully ported the LFMM
approach into the molecular operating environment
(MOE) used in this investigation.® This approach
improves the treatment of metal-based electronic effects
and can allow for varying metal coordination numbers,
while retaining the advantages of a molecular mechan-
ics approach, i.e., permitting extensive conformational
searching and molecular dynamics. We plan to develop
LFMM parameters suitable for the modeling of these
complexes soon and to apply the transition state ap-
proximation described here to investigate the scope of
a geometrically and electronically flexible molecular
mechanics approach for the rational design of transition
metal catalysts. Used in conjunction with the results of
more detailed DFT calculations, the quality of results
achieved from an improved treatment of the metal
center should also provide us with an indication of the
need for further improvements to the modeling of the
transition state.

Experimental Section

A. Density Functional Theory. The DFT calculations
were performed using ADF 2000.025%61-64 and ADF 2002.03/
2003.0151:5264-66 gn the Chemistry Department’s 32 dual-
processor Linux cluster at the University of Warwick, using
default convergence criteria and the BLYP generalized gradi-
ent approximation (GGA) throughout. The BLYP GGA was
chosen, as it gave transition state geometries in good agree-
ment with results reported for the Diels—Alder reaction of
butadiene and acrolein.5® All calculations were performed on
isolated molecules. Geometry optimizations of model complex
4, as well as linear transits and transition state searches for
the reaction of cyclopentadiene with complex 3 (R, R" =H, R’
= Me), used a basis set of triple-¢ quality with one polarization
function (basis set 1V, TZP) and a 2p frozen core on the copper
atom, basis sets of double ¢-quality with one polarization
function (basis set IlIl, DZP) and a 1s frozen core for the
nitrogen and oxygen donor atoms, and basis sets of double-¢
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quality (basis set Il, DZ) for all other atoms. Geometry
optimizations of complexes 5a—f and all single-point calcula-
tions used basis sets of triple-¢ quality with one polarization
function (basis set IV, TZP) for all non-hydrogen atoms with a
2p frozen core on the copper atom and 1s frozen cores on all
main group elements, while a double-¢ quality basis set (basis
set Il, DZ) was used for the hydrogen atoms. Single-point
energies were calculated from optimized geometries, where the
torsion of interest had been modified.

B. Molecular Mechanics. All MM calculations were
performed using MOE 2001.01%* on a standard 1.2 GHz PC,
using the MMFF94 force field and default convergence criteria,
unless stated otherwise. Calculations were performed on
isolated molecules and in the absence of electrostatics; that
is, no charges were assigned. The force field was derived and
verified as described in part A of Results and Discussion, and
any parameters added to the MMFF94 default terms are listed
in the Supporting Information (Table S1). Similar to the DFT
approach, single-point energies used in the parametrization
and for the verification of existing parameter terms were
calculated from optimized geometries, where the torsion of
interest had been modified. Rotational energy profiles were
generated by stepwise modification of the torsion of interest,
which was then treated as fixed while allowing full relaxation
of the remaining degrees of freedom. Conformational space for
the catalyst—substrate complexes was explored by 100 itera-
tion stochastic conformational searches with default settings,
except for disabling chiral inversion for structure generation
and the automatic calculation of force field charges. Structures
within 5 kcal mol~! of the energy minimum were recorded in
the output database.

The DFT-calculated transition state structures were ap-
proximated by a combination of fixed atoms and atom distance
restraints. The shorter 8-C—C distance of ca. 1.7 A could not
be achieved by a suitably weighted restraint and necessitated
fixing the two atoms at a distance of 1.7 A in space (in MOE,
fixed atoms may not be moved in an optimization and their
potential gradients are set to zero). A restraint of 2.85 A with
a weighting factor of 10 was found suitable to achieve a longer
a-C—C distance of ca. 2.95 A. Shorter distances and larger
weighting factors were found to impair the minimizer, such
that viable convergence gradients could not be reached. This
choice of transition state approximation was validated by
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systematic variation of both o- and -C—C distances (steps of
0.1 A, ranging 1.7—2.0 A and 2.75—2.95 A, respectively) in a
series of 100 iteration stochastic conformational searches (vide
infra for settings) on complexes 5a, 9b, 10b, and 13b, to
determine their impact on predicted enantioselectivities. As
discussed in part C of Results and Discussion, agreement with
available experimental data might be improved by using
different approximations for different bis(oxazoline) ligands,
but to maintain transferability, this was not pursued further.

Based on these approximations, transition states structures
were generated for all four possible modes of diene attack and
were each used as starting structures for 1000 iteration
stochastic conformational searches, using the same options as
described for catalyst—substrate complexes. However, in this
case structures within 10 kcal mol~! of the energy minimum
were saved to the database and the rms gradient convergence
criterion was increased to 0.1 kcal mol~t. The same setting
were used for the validation of the transition state approxima-
tions, and several variations were expanded to 1000 iteration
stochastic conformational searches for complexes 9b and 13b
to further investigate the impact of transition state geometry
on calculated selectivity.
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