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Abstract: - Standard ab initio molecular orbital methods were employed to study conformational
freedom of the ketone of ketone-borane complexes of chiral oxazaborolidines used as catalysts for the
enantioselective reduction of ketones (CBS reduction). A formaldehyde-borane compiex of 1,3.2-
oxazaborolidine was used as a model system. A new conformation was found which was energetically
more advantageous than the original one predicted by Corey er al The new conformation was predicted
to be destabilized by bulky substituents at the C-5 of the ring. A new class of potential oxazaborohdine
catalysts for the enantioselective reduction of ketones was invented.

INTRODUCTION

Chiral oxazaborolidines 1 are efficient catalysts for the enantioselective reduction of ketones (the CBS
reduction).! Since the discovery of the mechanism of action! of these catalysts a number of structural and
methodological modifications? of the original CBS-method! and intermediates involved in the preparation of the
catalysts2f have been developed in order to improve the performance of the catalysts. The mechanism, of which the
first two steps are shown below, has been studied lately also by means of ab initio molecular orbital methods.3

The mechanism of the catalysis suggested by Corey ef al.! involves: formation of the borane adduct 2;
coordination of the ketone to be reduced to the adduct 2 leading to the formation of 3; a hydride transfer from the
BH; moiety to the carbonyl in 3 followed by a number of regenerative steps. The final product of the reaction
would be the chiral alcohol Ry RgC(OH)H as a dialkoxyborane derivative obtained in high enantiomeric excess.!
Even though the mechanism is reasonable ard explains the observed enantioselectivity of the reduction, the role of
the phenyl substituents of the oxazaborolidine rings of all known working catalysts appears to be incompletely
understood as yet. However, recent studies of Martens ef al.2> imply that oxazaborolidines which are not 5,5-
diphenyl substituted would be very poor catalysts for the enantioselective reduction of ketones. For example,
H;B*THF + 2 mol% of 1A was found to give an enantiomeric excess of only 3 % in the reduction of
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acetophenone whereas the corresponding reaction with 1B in place of 1A gave 93 % e.e.?b Therefore. it looks as
if bulky substituents at the C-5 of the oxazaborolidine ring could prevent the formation of the other enantiomer and
therefore play a crucial role in the asymmetric induction of the catalysis.

H
Z

1A

The conformational analysis of a simple model [formaldehyde coordinated to a borane adduct of
aminohydroxyborane]32 structurally analogous to the complex 3A (Scheme I) has been described in part I of
previous reports of this series.3* This analysis implied that a ketone-borane complex of an oxazaborolidine
structurally analogous to 3A could possess another favourable conformation (3A") in which the ketone moiety
would reside closer to the oxazaborolidine ring |Scheme I, part A].

Scheme 1

R

R

The equilibrium 3A - 3A' (Scheme 1, part A) was not studied further32 because the conclusion was drawn
that in the case of 5,5-diphenyl derivatives of oxazaborolidines (e.g. 3B and 3B', in Scheme I, part B) a similar
equilibrium would be hardly possible as the conformer 3B' would be destabilized by repulsive interactions
between the ketone and one of the phenyl substituents (they would be brought so close to one another that the Rg
group would almost overlap with the phenyl). Altogether, if both the conformers 3B and 3B' would be involved
in the reduction of ketones and if the hydride transfer in 3B and 3B’ would take place with about equal ease,
enantioselectivity of the reduction would be poor. On the other hand, it could be possible to controt the reduction
to go selectively through complexes in which the orientation of the ketone would be similar to that of 3B' or 3A'.
That could be done by changing the place of the bulky 5,5-substituents of the oxazaborolidine ring.

As practically nothing appears to be known about ketone-borane complexes in conformations such as 3A'
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even a comparison of a simple model of 3A' with the corresponding mode! of 3A could be helpful in the
evaluation of the value of 3A' in the oxazaborolidine catalyzed enantioselective reduction of ketones. The aim of
this work was to study structures and relative energies of formation of complexes analogous to 3A , 3A'. 3B and
3B' by means of ab initio molecular orbital methods, using a better model than that in the previous
conformational study.39 Another goal was to evaluate the above proposed role of bulky 5.5-substituents as guides
of the coordination of the ketone to the borane adduct of the oxazaborolidine catalyst.

MODELS AND COMPUTATIONAL METHODS

Standard ab initio molecular orbital calculations were carried out by using the Gaussian 80 series of
programs at the 3-21G, 4-31G and 6-31G levels.4 Modeling techniques similar to those applied in the case of
previous reports of this series3 were employed, i.e. simple models analogous to the actual catalytically active
systems were examined. The structure 1'a was used as a mode! of an oxazaborolidine catalyst (1), 2'a as a model
of the borane adduct (2), and 3'a and 3'a' as models of the boranc - ketone complexes 3A/3B and 3A'/3B'.

g wa Jf’" <,”\ </

1'a 2'a 3'a 3a'

As both the models 3'a and 3'a’ consist of eight atoms heavier than hydrogen they were best studied at the
6-31G level (polarization functions were not used because inclusion of d-functions would have given rise to very
time demanding calculations). Properties and structures of 1'a, 2'a and 3'a (as those of related less complicated
models calculated at the 6-31G* level at best) have been discussed in previous reports of this series.3 No other
calculations on 3'a' appear to have been published.

Effects related to steric crowding caused by the 5,5-diphenyl substituents were studied also by constructing
derivative models of 3'a and 3'a’. Those models were built by replacing the hydrogens at the C-5 of the ring of
optimized structures (6-31G//6-31G) of 3'a and 3'a' by phenyls. As the derivative structures consisting of
twenty atoms heavier than hydrogen were too large to be reoptimized only a rough estimation of steric crowding
effects was possible.

RESULTS AND DISCUSSION

The total energies and dipole moments calculated are summarized in Table 1. Optimized (6-31G//6-31G)
structures of 3'a and 3'a’ are shown in Figure 1 and the corresponding 5,5-dipheny! derivatives (partially
optimized) in Figure 2. Selected Mulliken overlaps calculated at the 6-31G level are summarized in Table 2.
Energies of the formation of 2'a, 3'a and 3'a' are shown in Table 3 and group charges (charge transfer between
the BH;, H,C=0 and oxazaborolidine systems) are summarized in Table 4.
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Bond angles 3'a 3'a" 2'a

B-N-B 119 7° 117 3° 103 7°
N—B»Onng 106.3° 103 5° 108 4°
N-B-Oco 104.8° 106.8°
0-B-0 104 4° 105.9°
B-0-Ceo 126 2° 1239°
H-CcoH 1180° 1205°
B-HppzCeo 1054° 106 8°

Hpna Coo-Oco 857> 883

Torsionangies  3'a 3'a’ 2'a

BausN-B-Oco  -22.0°  18.4°
BaugN-B-Onng  1323°  93.0° 1049°
CeoOcoB-O 1613 248

Ceo-OcoB-N 870° -850°

N-C-C-O 255°  313° 247
N-B-O-Cpng 209°  -100°  -3.4°
B-Org -C-C 294° 128 180°
Hens B-N-B 472°  49.0° -464°
C-N-B-Orng 36°  290°  -130°

Figure 1. Stereo representations of the optimized (6-31G//6-31G) structures of formaldehyde-borane
complexes (3'a and 3'a’) of 1,3,2-oxazaborolidine (2'a). The most important bond lengths
JA), bond angles and torsion angles are shown. The corresponding values of 2'a%® are given
for purposes of comparison.

In the case of the models 3'a and 3'a’ the 6-membered transition state analogous to that predicted to be
involved in the hydride transfer taking place in 31 consists of the atoms Ceg. Oco, Biing- N. Bpy, and Hpy,
(Figure 1). Although the shape of those six atoms in 3'a and 3'a’ appears to correspond to a twist conformation,
the shape of 3'a' is closer to that of a boat. The hydride (HBH3) - carbony! carbon (C¢q) distance is also shorter
in 3'a’ as is the B-O¢g bond (Figure 1). This already implies that the hydride transfer from the borane moiety to
the carbonyl carbon could take place even more easily in complexes structurally analogous to 3'a' than in those
analogous to 3'a. Also the energies of formation of 3'a' are more advantageous than those of 3'a [e.g.
coordination of formaldehyde to 2'a leading to the formation of 3'a’ releases about 5 kJ mol-! energy whereas the
corresponding reaction leading to 3'a requires about | kJ mol-! energy. (6-31G//6-31G) Table 3]. The difference
of the energies corresponds to a relative 3'a / 3'a’ abundance ratio of about 1:10.

Table 1. Total energies and dipole moments of models 1'a, 2'a, 3'a,
3'a' and formaldehyde.2

Structure 3-21G[i3-21G 4-31G1i4-31G 6-31G116-31G
E« DA E D E D
1'a -23201452 316 -23295883 318 -233 19703  3.21
2'a -258 28393 5.22 -259 32696 493 -259 59052 489
3'a -371 52030 288 -373 02076 253 -373 39848 247
3a -371 52516 28] -373 02352 267 -373 40084 2.59
H,C=0 -113 22182 2.66 -11369261 302 -113 80836 304

4 Total energies (E) given 1n hartrees and dipole moments (D) 1n debye

Further evidence for the advantageousness of the formation of complexes analogous to 3'a’ can be found if
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the structures of 3'a and 3'a' are compared with respect to the degree they resemble the transition state structure
(and the primary product) of the hydride transfer. Although the exact geometry of the transition state of the hydride
transfer appears to be unknown certain properties of the transition state could be deduced on the basis of
Hammond's postulate’ and previous computational studies on the energetics of the hydride transfer and structure
and stability of the primary product of the reaction.3d Structural changes predicted to take place in the hydride
transfer are illustrated in Scheme IL

Table 2. Selected Mulliken populations of the borane adduct
2'a and complexes 3'a and 3'a'a

Structure 3'a 3'a’ 2'a H2C=0
N-Bpy, 0.338 032% 0.436 -
N-Bpys 0078 0118 0030 -
B0, 0660 0566 0690 -
B-Oco 0070 0 144 - -
B-Hpys 0.784 0774 0839 -
C=0 0.694 0.646 - 0.862
Hpy3-Coo 0004 0014 - -

2 On the basis of calculations carried out at the 6-31G level

It has been shown in part IV of previous reports of this series3d that the hydride transfer occurring in analogs
of 3 is a highly exothermic reaction and that the energy change involved in the formation of 3 (from 2) is much
smaller than that involved in the hydride transfer. Consequently, according to Hammond's postulate’ the
geometry of the transition state structure of the hydride transfer should resemble that of 3A and the activation
energy of the reaction should be low with respect to the hydride transfer energy. On the other hand, even though
3A and 3A' would structurally resemble the transition state, it could be reasonable to predict that the hydride
transfer would occur at the highest rate in that complex which most closely resembles the primary product of the
hydride transfer. Because some bonds of 3A (and 3A") will weaken (even finally breaking in the reaction) in the
transition state and some others strengthen (even formed in the reaction), the transition state structure of the
hydride transfer was inspected in the light of bonds predicted either to be weakened or strengthened (Scheme 1I).

Scheme II
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The bonds predicted to weaken in the transition state shown in Scheme II are those which either would not
exist in the primary product of the hydride transfer or those which had clearly been found to weaken in previous
computational studies3¢ of the hydride transfer (e.g. the C=O and B-Hpy, bonds would not exist in the product,
and it has been shown3d that the N-B,ng bond weakens already in the reaction 2 -> 3 (the N-By;,, bond lengthens
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0.069 A3c-d in the reaction 2'a -> 3'a) and would weaken further as the hydride transfer occurs: in the primary
product of the hydride transfer the N-By,,,; bond is so weak that it can even break down depending on the
orientations of the HyB-N and Ry RgC(H)O groups of the primary product’d). When bonds of ketone-borane
complexes analogous to 3A and 3A’ are inspected, it could be rational to think that the more closely the structure
of the complex resembles that of the actual transition state the more the bonds being weakened in the transition
state (and in the product) had lengthened already in the complex. Some of those bonds could be hardly
recognizable, e.g. the "bond" between the hydride and the carbonyl carbon in the complex 3 in which the B-Hgy 5
bond is still much stronger than the Hpy,-Cco "bond” [e.g. the Hpy,-Ceo "bonds” of 3'a and 3'a’ are more
than 2.5 A long (Figure 1): nevertheless, inspection of the corresponding Mulltken overlaps (Table 2) reveals that
binding interactions, although weak ones, exist between the atoms Hgy, and Ccol-

Table 3. Energies? of the coordination of formaldehyde to the
borane adduct 2'a.b

Reaction 3-21G 4-31G 6-31G
AEa

2'a + HaC=0 > 3'a 38 3 +1

2'a + H,C=0 > 3'a’ 51 10 5

A Energies (AE) given tn kJ mol"l D See Figure !

On the same basis the bonds predicted to strengthen in the transition state shown in Scheme II are those
which either would be formed in the reaction or had been found to clearly strengthen in previous computational
studies3d of the reaction (e.g. the Cco-Hgp, bond would be formed in the hydride transfer; the N-Bgyy, bond in
the primary product of the hydride transfer would strengthen and draw the free electron pair of the adjacent
nitrogen so much that the adjacent N-B,,, bond can break,3d and also the B-O¢g bond would strengthen
substantially as the weak Lewis acid-base interactions B - 0" ¢ would be transformed to a normal sigma B-O
bond).

rng

Table 4. Charge transfer in the borane, formaldehyde and oxazaborolidine
(1'a) systems of 2'a, 3'a and 3'a'.a

Group 3'a 3'a’ 2'a
Charges

H;B -0 232 -0 230 -0.178

H,C=0 +0 122 +0 156 -

C,H¢BNO (1'a) _+0110 +0 074 0178

4 On the basis of calculations carried out at the 6-31G level

Comparison of the bond lengths of 3'a and 3'a' (Figure 1) reveals that the C=0, B—HBH3 and N-Bg,g
bonds of 3'a’ predicted to weaken in the transition state (and in the product, see Scheme II) are longer than the
corresponding bonds of 3'a [e.g. the C=0, B-HBH3 and N-B;p, bonds of 3'a' are 0.007. 0.004 and 0.014 A
longer than those of 3'a}. Expected differences were found also when lengths of the bonds predicted to strengthen
were compared; the N-Bgy, bond of 3'a’ is 0.005 A shorter than that of 3'a and the Cco-Hpy , and B-Oco
distances in 3'a' are about 0.118 and 0.098 A shorter than those in 3'a. Therefore, not only the energy of
formation of 3'a' is more advantageous than that of 3'a (about 6 kJ mol-! at the 6-31G level), but it looks also as
if the structure of the complex 3'a’ could be closer to the predicted transition state of the hydride transfer (and the
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primary product of the hydride transfer) than the complex 3'a. This implies again that the hydride ransfer could
occur more easily in analogs of 3'a’ than in those of 3'a.

The above deduction based on the bond lengths could have been carried out as well by reference to the
Mulliken overlap populations shown in Table 2. The bonds predicted to weaken should possess lower overlaps in
3'a’ than in 3'a whereas, obviously, the bonds predicted to strengthen should possess larger overlaps in 3'a’
than in 3'a. This was indeed what was observed when overlaps of 3'a' and 3'a were compared. The C=0, B-
Hpp, and B, -N overlaps (weakening interactions) of 3'a’ were 93.1,98.7 and 85.8 % of those of 3'a and the
N-Bpp,. Ceo-Hpy 3 and B-Ogq overlaps (strengthening interactions) of 3'a were 66.1, 28.6, and 48.6 % of
those of 3'a’, respectively.

5,5-phenyi derivative of 3'a’

Figure 2. Stereo representations of the models derived from the optimized (6-31G//6-31G) structures of
formaldehyde-borane complexes (3'a and 3'a’, see Figure 1) by replacing the hydrogens at the
ring position-5 by phenyls (standard bond lengths and angles were used to construct the
phenyls). Some distances {A] between the pheny! groups, borane and formaldehyde are shown.

Perhaps one of the most unexpected structural differences between the complexes 3'a and 3'a’ was in the
length of the B-Ocq bond. As the B-O¢ bond of 3'a’ is 0.098 A shorter than that of 3'a and the B-O¢o overlap
of 3'a’ is more than twice that of 3'a it looks as if the formaldehyde of 3'a’ would be bound to the
oxazaborolidine ring much more tightly than that of 3'a. Some consequences of the strengthened coordination of
the formaldehyde of 3'a’ can be observed if the charge transfer values shown in Table 4 are compared. When an
¢lectron poor Lewis acid such as borane coordinates to the nitrogen of the oxazaborolidine the latter donates
electron density to the borane (e.g. in the case of 2'a the negative charge transferred to the borane was -0.178). As
a Lewis base such as formaldehyde coordinates to the acidic ring boron of the borane adduct of the
oxazaborolidine the latter in turn receives electron density from the Lewis base. Therefore, a portion of the electron
density the oxazaborolidine donates to the borane would be compensated by the density the oxazaborolidine
receives from the coordinating carbony! compound (e.g. in the case of 3'a the charge lost by the formaldehyde
was 0.122). When the complexes 3'a and 3'a’ were compared in the light of the charge transfer values shown in
Table 4 it was observed that the negative charges of the borane moieties of 3'a and 3'a’ were almost equal but the
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formaldehyde of 3'a' had lost considerably more electrons to the oxazaborolidine ring than that of 3'a. Therefore,
not only the formaldehyde of 3'a’ is more tightly bound to the oxazaborolidine boron, but it is also more polarized
than that of 3'a; i.e. the propensity of the carbony! of 3'a’ to accept a hydride would be higher than that of 3'a.

As it looks, on the basis the above comparison of properties of 3'a and 3'a’. that the hydride transfer from
the borane to the carbonyl group could accur as easily in analogs of 3'a' as in those of 3'a (or even more easily in
the analogs of 3'a") it would be crucial to know what are the features that control the formation of these adducts.
Actually for the enantioselective reduction of ketones by borane and an oxazaborolidine catalyst it would be
enough that the ketone-borane complex in which the hydride transfer occurs would be structurally analogous to
either one of 3A (3'a) or 3A’ (3'a"); the only limitation is that both of them must not be involved in the same
reduction or enantioselectivity of the reduction would be poor. As the formation of conformers 3B and 3B’ was
predicted to be controlled by steric crowding related to the bulky S-substituents of the oxazaborolidine ring the
optimized structures (6-31G//6-31G) of models 3'a and 3'a' modified by replacing the hydrogens at the ring
position-S by phenyls (phenyls constructed by using standard bonds lengths and angles) shown in Figure 2 were
examined.

Comparison of the structures of 5.5-dipheny! derivatives of 3'a and 3'a’ shown in Figure 2 reveals that the
gap between one the phenyls and the formaldehyde and borane is more open in the case of 3'a; i.e. there is less
steric crowding between these groups in the derivative of 3'a; neither the hydrogens of the formaldehyde group of
3'a are directed towards to the pheny! groups. This indicates that there would be no steric crowding either
between the ketone oxygen and the pheny! or between the substituents of the ketone and the phenyl in the case of
ketone-borane complexes structurally analogous to 3'a (or 3A or 3B). However, in the diphenyl derivative of
3'a’ one of the hydrogens of the formaldehyde resides at a distance of 2.49 A from one of the phenyls (Figure 2).
For a hydrogen atom this could be possible but already in a methyl ketone the methy! group would come too close
to the phenyl. It looks as if one could conclude also on the basis of this rather rough inspection that ketones cannot
coordinate to borane adducts of 5.5-diphenyl substituted oxazaborolidines in a way analogous to that of the
formation of 3'a’.

It was concluded above that the enantioselective reduction of a ketone could go either through the ketone-
borane complex structurally analogous to 3A or through another analogous to 3A'. However, all known
examples of enantioselective reduction of ketones catalyzed by oxazaborolidines appeared to be based on the
controlled formation of complexes analogous to 3A. As no reactions in which the enantioselectivity would be
based on the formation of ketone-borane complexes analogous to 3A' appeared to be known, a few catalysts
potentially working on this basis were invented. For example, the oxazaborolidines 1C, ID and 1E or their
derivatives might function as chiral catalysts for the enantioselective reduction of ketones. A model corresponding
to 1C (derived from 3'a’, Figure 3) was built in the same way as those of the 5,5-dipheny! derivatives (Figure 2).
The B-C bond length (1.566 A) was taken from 2-methyl-1,3.2-oxazaborolidine optimized at the 6-31G level.

1E




Quantum chemical modeling of chiral catalysis—VIII 1571

On the basis of a comparison of the distances between the formaldehyde and phenyls of the diphenylmethyl
derivative of 3'a' shown in Figure 3 1t looks as if replacing the hydrogen of the ring boron by a diphenylmethyl
group could allow the ketone to coordinate only in the orientation analogous to that of 3A'. Actually, if the
distances between the formaldehyde and phenyls of the diphenylmethy! derivative of 3'a' shown in Figure 3 are
compared with those of the 5,5-diphenyl derivative of 3'a shown in Figure 2 the models appear to be rather equal
with respect to steric crowding le.g. the shortest distance between the carbonyl oxygen and the phenyls is 2.43 A
in the diphenylmethy! derivative of 3'a’ (Figure 3) and the corresponding distance in the 5.5-diphenyl derivative
of 3'ais 2.34 A (Figure 2)].

3-diphenyimethyl derivatve of 3'a’

Figure 3. A stereo representation of the model derived from the optimized (6-31G//6-31G) structure of
formaldehyde-borane complexes (3'a', see Figure 1) by repiacing the hydrogen of the ring
boron by a diphenylmethy! group (standard bond lengths and angles were used). Some
distances [A] between the phenyls and formaldehyde are shown.

Provided that one of these compounds is active as a catalysts, one would then have access from L-proline to
two oxazaborolidine catalysts complementing each other in the enantioselectivity of the reduction of a ketone. One
of these would be the CBS type of reduction catalystl.2 carrying bulky substituents at the C-5 of the
oxazaborolidine ring, and the other catalyst would have the bulky groups on the carbon atom adjacent to the ring
boron, derived from the R group of the dialkoxyborane (R'O),B-R used to construct the catalyst model. The latter
catalyst would furnish the enantiomeric alcohol by way of the ketone-borane complex 3A'. Computational studies
on these exciting catalysts continue.

CONCLUSIONS

All the results of this study imply that, in addition to the original mode of coordination of a carbonyl
compound to an adduct of borane to oxazaborolidine as represented by Corey er al.,! another advantageous way
by which the coordination could occur may exist. The new coordination mode suggested a new type of
oxazaborolidine catalyst which would produce the chiral alcohol as the enantiomer of that obtainable by using the
conventional CBS reduction.
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