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Abstract: A method for assigning atom-centred point charges, within the constraints of the MacroModel
implementation of the MM2 force field, is described. The method has been applied to obtain charges with sensible
magnitudes for the transition structures of boron enolate aldol reactions. The effect of these new charges on the
aldol force field model is discussed, and it is concluded that atom-centred point charges do not help in the analysis
of this transition state, and a more flexible system for the treatment of electrostatics is essential.

The boron aldol reaction is one of the most powerful methods available to the organic chemist for the
control of acyclic stereochemistry. This includes asymmetric aldol reactions under either substrate control
using chiral ketones, or reagent control using chiral ligands attached to boron (Scheme 1).
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As part of a programme to analyse the origins of the stereocontrol, we have developed a force field
model for the aldol reaction of ketone derived enolborinates with aldehydes (here referred to as FF1, details of
which have already been published!-2). This force field is based on MM23 and uses new parameters derived
from ab initio calculations on the cyclic transition structures (chairs and boats) and from trial and error
optimisation. It successfully reproduces both the relative energies and the geometries of simple unsubstituted
and monosubstituted ab initio transition structures (Figure 1, structures 1 and 2, with mono-methyl substitution
in each of the possible positions, giving sixteen structures in total4) with quite good agreement. The force field
also reproduces the experimental syn : anti ratios for the aldol reactions of simple Z and E substituted
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enolborinates from ethyl ketones with aldehydes, and the aldehyde si : re selectivity for the syn selective aldol
reactions of a range of chiral Z enolborinates.

In these cases, the force field predicts that only chair-like transition structures are im}‘)ortant.i’2 The
force field fails to reproduce quantitatively some experimental results with unsubstituted enolborinates, i.e. R2
=H in Scheme 1. In our previous paper,! this was attributed to the neglect of a third accessible transition
structure, boat B (3), during the parametrization process. Such a structure lies only 1.7 kcal mol-! (RHF/3-21G)
above the global minimum, boat A (2), in the unsubstituted case, and therefore may be important in
determining the course of some reactions. This structure has also been found by F. Bernardi and co-workers, at
the MC-SCF/3-21G level.5 Using this higher level of theory, the energy of 3 relative to the lowest energy
transition structure 2 is calculated to be 2.4 kcal mol-1,

Figure 1

1 chair 2 boat A

To assess the importance of boat B, the geometries of six structures in addition to the original sixteen
were calculated (RHF/3-21G), each bearing a methyl substituent on a different position. Boat B was found to
be an important transition structure in all cases examined, except for the addition of the Z enol borinate of
propionaldehyde to formaldehyde. We then set about parameterizing a force field which would describe these
new structures, as well as the original sixteen. Larger barriers had to be introduced to ensure the existence of
minima, which made it more difficult to tune the force field to the presence of individual substituents. As a
result, a field was obtained (here referred to as FF2) whose fit to the ab initio data was an order of magnitude
worse than that of the previous field. Reproduction of the experimental data was also not satisfactory. This
could be due to two problems: (i) the trial and error approach to the development of parameters may not be the
most effective way of attempting a description of more complex and flexible systems; (ii) the treatment of
electrostatics may be inadequate. In the development of a force field, atom centred point charges must be
assigned to the atoms of the transition structure. Initially these charges were based on Lowdin analyses of the
ab initio results, but, as the force field became more sophisticated, this simple method became the weak link in
its development. We have investigated better methods of finding atom-centred point charges and report our
findings here.

Procedure for Determination of Atom-Centred Point Charges

The model
The MacroModel” implementation of MM23 was the basis for the model. This treats electrostatics by
assigning a fixed partial charge to each atomic centre. The charges on the core atoms of the transition structure
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are not able to vary with the geometry of the transition structure, i.e. the same set of numbers must be used for
a chair, a boat A or a boat B. This approximation is widely used, because of its simplicity, but has recently
been questioned by several authors.8 The charges can vary with substitution on the core, because MacroModel
allows bond dipoles to be defined.9 The MacroModel implementation of MM2 assigns hydrogens partial
charges of zero, and this approximation was used in the new force field, in order to give compatibility with the
existing force field. The MacroModel default is to use a distance dependent dielectric (€, =r in atomic units),
which reduces charge-charge interactions with respect to their effects in vacuo, and this was used throughout
the study.

There are two requirements in selecting suitable charges: (i) it is necessary to determine the best values;
(ii) it is important to have quantitative measures of how good these charges are, and of the errors introduced by
not allowing change with conformation.

Past work

In our earlier work,1:2.10 methods of summing electron density from ab initio calculations and
localising it on particular atoms were used. The Mulliken population analysis!! is the simplest of these
methods, but it gives very large values for the partial charges, and these are probably not optimal for force
fields, although they reproduce the molecular dipoles fairly well. Lowdin analysis12 gives numbers that seem
of a more realistic magnitude, and also generate good values for the total dipole moment of the system. The
initial force field, FF 1, was based on the Lowdin values.

These population analyses assign partial charges to hydrogen atoms, whereas MacroModel usually uses
a partial charge of zero for hydrogens. Hence it was decided to assign zero charge to the hydrogen atoms and to
add the calculated partial charges of the hydrogen atoms to that of the attached carbon and boron atoms. This
gave a model, FF1, that fitted well into the existing MM2 force field, but contained unquantifiable errors.

Assigning bond dipoles was also difficult, because ab initio calculations on substituted systems give
population analyses that differ over the whole molecule, not just on the new substituent and the attached atom.
In FF1, therefore, the bond dipoles were not set.9

A new approach was clearly needed and it was decided to determine partial charges by considering the
electrostatic field around the molecule. CHELPG!3 (Charges from Electrostatic Potential Grid) is a method of
obtaining atom-centred partial charges from ab initio calculations, which works by a least-squares fit of the
electrostatic potential produced by the partial charges to the ab initio-calculated electrostatic potential. With
respect to fitting the electrostatic potential over a certain grid of points, it produces the best possible charges.
There are two advantages in using CHELPG: (i) the ‘goodness’ of the charges can be assessed by evaluating
the root mean square deviation from the ab initio electrostatic potential around the molecule for every set of
charges; (ii) the effect of ring substitution in terms of dipoles for the additional bond can be evaluated. This is
done simply by constraining all the other charges to a fixed value (the unsubstituted value) and finding which
point-centred charges for the substituent and the attached atom gives the best fit to the ab initio electrostatic
potential. Partial charges are initially assigned for the transition structure with only hydrogen substituents, then
the variation of these charges with alkyl substitution is considered, and finally bond dipoles for substituents in
each ring position are defined.
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The Method

CHELPG was modified to allow atom charges to be constrained. The partial charges of all the
hydrogens were constrained to zero, and the partial charges for each of the remaining elements in the all-
hydrogen transition structures were calculated, using the electrostatic potential calculated by GAUSSIANS214
at the RHF/3-21G15 level of theory.16,19 The averages of these charges were used as the basis for the methyl
substituted cases. All the charges were constrained to the average all-hydrogen transition structure values,
except for the carbon of the methyl group and the attached atom. The total charge of the system was
constrained to zero. This gave values for the partial charges of these two atoms in each substituted transition
structure. The dipole for.each substituted bond was then calculated, and parameters for the alteration of charge
due to substitution were found, within the limits set by MM2 in its MacroModel implementation.

The Results

Charges

There are three different geometries for the unsubstituted transition structures (Figure 1) and so three
different sets of charges were calculated (Table 1). The standard deviation of these numbers is quite large. This
suggests that the different transition structures correspond to slightly different points on the reaction coordinate
and that the charges may not be transferable. Within MacroModel, only one set of charges can be used and the
average of these numbers might lead to large errors. However, we need not be satisfied with a qualitative
estimate of these errors, because the root mean square deviation from the electrostatic potential around the
molecule provides a quantitative measure of how good the charges are. CHELPG was used to quantify how
good the average charges were for each of the transition structures and these results are shown in Table 2.
Fitting the electrostatic potential with the average charges or with the individually optimized charges gave
RMS deviations that were rather similar, and so this approximation seemed sufficiently good to justify
continuing this approach. A referee commented that treatihg the forming carbon-carbon bond as an actual bond
means that the electrostatic interaction of these two carbon atoms is neglected. We think that this is a
reasonable model, both because this interaction will be implicitly included in the bond stretching and angle
bending terms, and also because the small partial charge on C; makes this a minor interaction (Table 1).

Table 1: Charges (atomic units)

|
H=5 0, =%
o) —C2 e
1 chair 2 boat A 3 boat B Average Op
C -0.0252 -0.1085 -0.0828 -0.0722 0.035
C 0.3287 0.3661 0.3565 0.3504 0.016
O -0.3505 -0.3441 -0.3132 -0.3359 0.016
B -0.1347 -0.0986 -0.1520 -0.1284 0.022
O -0.3508 -0.3823 -0.3519 -0.3617 0.015
C3 0.5324 0.5674 0.5435 0.5478 0.015

(0.5 A grid; ca 1960 points; average RMS = 0.065; all H constrained to 0; charges in atomic units)
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Table 2: RMS deviation from electrostatic potential (atomic units)

RMS deviation from 1 chair 2boat A 3 boatB Average for three
electrostatic potential transition structures
individual optimisation 0.0663 0.0637 0.0648 0.065
average charges 0.0703 0.0665 0.0657 0.0675

The dipoles for the mono-substituted transition structures were calculated next, as described in the
method section. The charges found for the substituents are given in Table 3. In most cases, the charges are
similar for the chair and the two boats, and so it seemed reasonable to use the average value in the force field.

Methyl substitution on boron posed a problem, because systems of synthetic interest have two alkyl
groups on the boron and the ab initio calculations could not cope with so large a system on the available
computers. Fortunately, the effect of replacing one hydrogen with a methyl group hardly alters the charge on
the boron (Table 3). Thus it is reasonable to assume that replacing a second hydrogen with a methyl group
would not have a significant effect on the system, compared to the other approximations in the model.
Therefore, the boron-carbon dipole was not set.?

Table 3: Calculated charges for the carbon atoms of the substituents Rj — R7 (atomic units)

R
R‘\ / 5 Substituent = Me chair boat A boatB_| average | On
B Ry 0.0555 | 0.0575 | 0.0857 | 0.0662 |0.013
(o} (o]
/ RyorRs 0.0975 | 0.0475 | 0.0859 | 40675 |0.020
Ry fr 2 0.0760 | 0.0462 | 0.0517
Y R, Ry or Rs -0.0089 | 0.0163 | -0.0057 | 40028 |0.011
3 -0028 | 0.0187 | -0.0006
Re R¢ 0.0613 | 0.0200 | 0.0384
Ri-R7=H, R; 00669 | 00482 | — | 0047 [oo17

unless otherwise stated

The charge assignment for E and Z enolborinates proved to be more difficult. The force field cannot
distinguish between an E methy! group and a Z methyl group, so these must have the same partial charge.
However, the ab initio calculations and the CHELPG calculations suggest that they should be different, and so
it is necessary to use an average. Again, we could quantify the errors in the charges using CHELPG and the
results are given in Table 4. The larger root mean square differences show that the greatest source of error in
these new charges is the inability of the program to distinguish £ and Z methyl groups.

The charges and dipoles obtained in this way seemed to have reasonable magnitudes and they fitted the
ab initio electrostatic potentials well. Therefore, we concluded that they might be used to substantially improve
our force field for the boron aldol transition structures.
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Table 4: RMS deviation from the electrostatic potential using average charges (atomic units)®

H

H

\ / Structure Charges optimised Average

e B\ individually values

(o} chair, Rg = Me, Rz =H 0.0675 0.0997

H 4 /k chair, Rg = H, Rz = Me 0.0604 0.0993
N boat A, Rg =Me, Rz =H 0.0536 0.0985

H | boat A, Rg =H,Rz =Me 0.0513 0.0978

Re boat B, RE = Me, Rz =H 0.0569 0.0965

a the charges of all core atoms except Cj were constrained to the unsubstituted average value from Table 1

Force Field Results

Trial and error methods were used to develop torsional parameters for these new charges, this time
assisted by automatic methods of modifying and testing limited sets of parameters.20 A force field was
produced which had the same magnitude of error as FF2 in fitting the ab initio data. However, this field was
less good with respect to reproducing the experimental data.

For some substitution patterns, a new boat was found by this force field. This structure was distinct
from the two boats that had already been found, and contained a O=C---C=C dihedral angle close to zero. In
earlier work,! a force field had predicted the presence of a transition structure that was confirmed by ab initio
calculations. Therefore, an attempt was made to locate this new boat on the RHF/3-21G potential surface, but it
could not be found. This suggests, but does not prove, that it does not exist. If this transition structure is
important, then E enolates would produce some syn aldol products. It is found experimentally that the anti
aldol dominates, so the new boat must be high in energy relative to the other transition structures. Therefore, a
reasonable force field should not generate low energy structures corresponding to this boat. This new boat was
stabilised by favourable charge-charge interactions, and we could only eliminate it through reducing the
charges by 50%, a far more dramatic scaling factor than that suggested by Chirlian and Francl.13b The
agreement of this final version (referred to as FF3) with the ab initio data is similar to that achieved with FF2,
while agreement with the experimental data is slightly improved. However, the new field is worse compared to
FF1 with respect to reproducing the experimental data (see Table 5). Nevertheless, it is possible to identify and
predict highly selective aldol reactions (cf. Table §, entries 4, 5, 9). In these cases, only the chair transition
structure is important in determining the reaction stereoselectivity.

Automatic parameter optimisation202 also gave a better fit to the ab initio data when the charges were
reduced. A derivative fitting method was also used20b to produce an initial set of torsional parameters for the
unsubstituted cases. The charges calculated by electrostatic potential fitting proved to be inferior. However, the
situation was improved by reducing the magnitude of the charges, and the best set of parameters was obtained
with zero charges.
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Table 5: Results from Force Fields

entry enolate aldehyde calculated calculated experimental
FF3 FF1
OBMe, |syn-anti | |syn-anti | |syn-anti |
1 z MeCHO 99:1 99:1 —
OBMe,
2 %\ MeCHO 3367 14:86
OBMe,
3 @ MeCHO 6:94 9:91 17:83°
OB(c—CgH11)2
4 é MeCHO 1:99 2:98 0:100°
OB(Ipc)2 P
5¢ MeCHO 500:1 19:1 10:1
=z
OB(lpc)
6° /\ 2 MeCHO 11 1:1 1.8°
But s
7 /\O-Bé )\ 1:1 1.7:1 3:1f
CHO
*s
OB(lpc), 64:36 74:26 50:50"
88 Z (anii aldol) (anti aldol) (anti aldol)
CHO  (anti -syn 53:47)  (anti-syn 100:0)  (anti -syn 100:0)
OB(c-CgH11)2 5
15:85 59
9 (Y “OMe )\ (anti aldol) (anti aldol)
- CHO {(anti -syn 96:4) (anti -syn >97:3)

(a) Using "Bu ligands and benzaldehyds in pentane.=™® (b) Using benzaldehyde in ether.“'® (c) From
(--(1pc)2BOT (d) using diethylketone.2'® (e) Using "PrCHO. 2'° (f) See reference®'® (g) From (-)-(Ipc)2BCI
(h) Experimental anti-syn ratio is 80:20, but NMR shows enolate is 80:20 mixture E.Z, so the result from
the E enolate is probably 100% anti.2'® (j) Using a benzyl ether, in place of the methyl sther. 2'°
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There are various possible explanations for these results. The agreement with experiment using the first
force field FFI may be fortuitous. This is unlikely, because of the variety of experimental results reproduced,
and the chemically intuitive manner in which the force field results can be interpreted.!-2 Alternatively, the
further efforts to increase the fit to all twenty three ab initio calculated structures may have succeeded at the
expense of the intervening regions, and so decreased the reliability of the force field, as judged by its ability to
reproduce and predict experimental selectivity. In particular, the relative importance of the transition structures
derived from the original unsubstituted cases (chair 1, boat A 2, boat B 3) may not be calculated very well by
molecular mechanics. If only the chair transition structure is important, as appears to be the case for Z enolates,
then the accuracy of the result will be higher than for cases where two or three transition structures are
involved. When the selectivity is low, then the error may be larger than the energy difference between
diastereomeric transition structures, and so the wrong sense of asymmetric induction may be predicted by the
force field. When the selectivity is high, the same error in the energy will give the right sense of induction.

If the force field predicts high selectivity in a new situation, it is reasonable to expect that the
experimental result will also show good selectivity in the same sense. Computer aided design of new chiral
ligands for the enolborinate aldol reaction is underway in our laboratories using this hypothesis.

Conclusions

We have investigated three methods for obtaining point charges for the boron aldol transition structures
within the constraints of the MacroModel program: Mulliken and Léwdin population analyses, and charges
derived from CHELPG. The Mulliken and Léwdin charges are found to be too large for this application and the
charges for the hydrogens and their attached atoms have to be added together to give point charges on the first
row elements only. The CHELPG method, with constraints, gives exactly the values required: point charges on
the first row elements, no point charges on the hydrogens, and dipoles on the methyl substituents. CHELPG
charges, therefore, should provide the best procedure for modelling transition structures. Furthermore, they
have the additional advantage of quantifying the difference between the point charge model and the ab initio
electrostatics. The CHELPG calculations quantify the transferability of the partial charges over the different
transition structures. This provides the best possible point charges, with respect to the physically significant
criterion of the fit to the electrostatic field around the transition structures. Therefore, they should be used,
unless there are no torsional parameters that can complement them. For the boron aldol reaction, it appears that
there are no torsional parameters that can cope well with these charges.

In developing a force field by trial and error, a subjective assessment of the difficulty of the procedure
may prove misleading. In this particular study, however, the trial and error method is evaluated by the
derivative fitting method and an automated optimisation process. We conclude that the use of CHELPG
charges do not improve the model.

Therefore, we cannot use the most physically-significant charges and also reproduce the ab initio
calculated geometries and energies of the transition structures. In order to predict and explain experimental
results, it is necessary to reproduce these geometries and energies, and so the physical significance of the
charges must be abandoned, until more flexible models of electrostatics become available.

For the time being, the force field derived by fitting only fourteen ab initio structures and using
Léwdin-based charges (FF1) gives us the best agreement with expcrimcmé.l data (Table 5). This field can give
a qualitative assessment of whether a reagent is selective, as well as a good quantitative reproduction of the
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experimental results in the case of highly selective reagents. This force field, therefore, should be of help in
designing new chiral ligands for the enolborinate aldol reaction.
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