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Abstraci: - ~~~~lidi~ derivatives (1’a-e) of 2-~n~~ol, ~-rn~yl-2-~~~~01, 2- 
~~~p~l, Z~y~xy~l~~~ aad 2-~i~cio[3.3.01~-~1 and their borane &ducts 
(2’ra-e) were investigatad by means of ob iniro molecuIar orbital me&ads. Energies (6-31GW31G) of 
the formation of adducts (2’d-e) of fused I bridged oxazabarolidmes in which there was a partial B=N 
double band at the ring fusion were about 20 kJ mol-l more negative than those (2’a-c) of simple 
axazaborolidines. Formation of the &-adduct of borane to the oxazahoralidine derivative of 2- 
aminopropanol was only 5 kJ mol-1 (6-31G//6-31G) favaurcd over that of the carresponding franr- 
adduct. Formation of- the &-fused barane adduct of the oxazaborolidine derivative of 2- 
azabicyclo[3.3.0)octan-84 was found to be about 50 kJ rn~l-~ (6-31GH.i-31G) more advantageous thm 
that of the correspoading rronr-fused adduct. 

INTRODUCTION 

Five years after the discovery of the mechanism of action of chiral oxazabarolidines 1 in the catalytic 
enantioselective reduction of ketones (the CBS reduction)’ the number of applications of oxazabarolidine 
derivatives and other related systems still appears to be growing. 2-5 Modifications of the original CBS method2 
with respect to the metbad of preparation*% or the structure of the catalysts,~~~2e~~-ji.21-m and even with respect 
ta the purpase of use of the cataIyst,zf* have been reparted in the literature. Not su~risi~iy, many natural 

products, ~~dcai~ important molecules, as aisa related intermediates, have been synthesized by applying the 
CBS reduction.tJa New efficient syntheses far entire categaries of organic maiecules have been developed an 
the basis of the CBS method.3c,3f,4 One of the latest interests in the development of oxazabarolidine catalysts 
appears ta be the asymmetric Diels-Alder reactian.5 

1441 



1442 V. NEVALAINEN 

The mechanism of CBS reduction] has been suggested to involve the formation of borane adduct 2. The 
borane coordinated to the nitrogen of oxazaborolidine increases the Lewis acidity of the adjacent ring boron, 
facilitating the coordination of the ketone to be reduced (2 -a 3). A hydride transfer from the borane moiety to the 
carbonyi-C in 3 (foliowed by a number of steps involved in the regeneration of the catalyst) gives rise to the 
formation of the alcohol R=R~~~~~~ (as a dial~oxy~~ derivative) in high e~tiom~ic excess.1 The 
formation of 2 has been recently confhmed by Corey et al by delermining the three dimensional structure of me 
enantiomer of 2 (R=CH$ by means of X-ray crystallography.6 Mechanistic details of the catalysis have been 
lately investigated aIs0 by using ub initio molecular orbital calculation~.~ 

In reports describing the mechanism of CBS reduction1 Corey et al have compared the performance of IA 
(see Scheme 1) and another oxazaborolidiie catalyst (IB) of which the use as “a black-box catalyst” had been 
reported earlier by ltsuno el al.8 If the performance of IA and 11 is considered in the light of the mechanism of 

reduction it can be seen that c~rdi~on of the borane used as a source of hydrogen should lead selectively to the 
formation of single diastereomeric adduct ZA (Scheme I); i.e. if the other diastereomer @‘A) would be formed, 
and if it would perform the entire cataIytjc cycfe in the same way as 2A, no enantioselectivity would be observed. 
However, because the ring system of 2A is c&fused, and consequently less strained,9 the formation of 2A 
should be energetically much more advantageous than that of me corresponding rrans-fused system 2A’. The 
formation of 2A should be favoured also because the convex side of the ring system of IA is less sterically 
crowded than the concave one. Therefore, one could predict merely the borane adduct 2A to be present under 
conditions of a CBS reduction when 1A is used as a catalyst. It is not obvious whether one could expect the same 

behaviour in the case of 1B. 
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As also IB has been observed to function as a chifal cat&y& even though the ring system of 1 B (Scheme I) 
is different from that of lA, one could predict that either the formation of 2B would be much favored over that of 
28’ (Scheme I), or further reactions of 2B’ as a catalyst for the reduction of ketones would be substantially 
slower than those of 2B. On me basis of a comparison of plausible structures of diastereomers 2B and 2B’ one 
could predict the formation of 2B to be favoured over that of ZB’, mostly because of steric crowding a%tributabIe 
to the egg of the adjacent isopropyl and BH3 groups cis about the ring of 2%. 
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In addition to the stereochemistry of formation of these adducts, the energetics of coordination of borane to 

oxaxaborolidines could be. affected by ring strain, and particularly, as pointed out by Corey et a&la strain of the 
B=N n-bond at the ring fusion of 1A (see Scheme II) _ As borane coordinates to the nitrogen at the rin8 fusion the 
angle strain would be released. Consequently, also more energy should be released in tire coordination of borane 
to 1A than in the corresponding reaction of 1B. On the other hand, on the basis of a comparison of 
oxaxabomliclmes (fused to a 4, S- or dmembered carbocyclic ring) as catalysts in the enantioselective reduction of 
ketones, Rao et al have suggestedk that the rigidity of the ring system of the catalyst could be more important 
than ring strain for good performance of the catalyst. Other reasons why rigidity of the ring system of the catalyst 
could be important have been discussed in part IV of reports of this series.‘ld Altogether, not much appears to be 
known about the relative energies of the coordination processes occurring in oxazaborolidines embedded in 
different carbocyclic frameworks. 

On the basis of common rules of organic chemistry, one could conclude that the diastereoselectivity of the 
formation of borane adducts of systems analogous to 1A would be affected by both ring strain effects and the 
steric crowding that the coordinating borane encounters on different sides of the oxaxaborolidiie ring whereas in 
the case of systems analogous to 1B steric crowding effects would dominate. The aim of this work was to 
evaluate the above hypotheses, compare structural properties of systems analogous to IA/IA’ and 2A/2A’ and 
estimate relative energies of the formation of diastereomeric pairs analogous to 2A/2A’ and 2BnB’ by means of 
at, initio molecular orbital methods. In addition, an evaluation of the ring strain and of conformational and 
substituent effects controlling the stereochemistry of the formation of borane adducta was attempted. 

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, 6-31G, 4-31G* and 631G* levelsto Modeling techniques similar to those 
applied in the case of previous reports of this series7 were employed, i.e. simple models analogous to the actual 
catalytically active systems were examined. The structures 1’a-e were used as models of oxaxabomlidine catalysts 
(1) and 2’a-e, 2’~‘. 2’d’ as models of borane adducts (2). 
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Models consisting of eight or more atoms other than hydrogen were best studied at the 6-31G level 
(polarization functions were not used because inclusion of d-functions would have given rise to extremely time 
demanding calculations) whereas the others were calculated at the 6_31G* level at best. No other calculations on 
the structures l’b-c, l’e, Z’b-c, 2’e or 2Wd’ appeared to have been published. Properties of the models l’a, 



I’d, 2’a and 2’6 have been d~s~ss~ in the Iiteratur$ (the tncxiets I’d and 2’d have been on& briefly 
aIentioned k flail reportsof thii series~“*7s* 

2’c 2% 2’d 2”d’ 2% 

Total energies and dipole moments cakulated are summarized in Table 1. ~t~~i~ (6-3161(6-316) 
structures of hnethyl o~~l~~~e (1’4, &y&c I’d and tzkyclic l’e are &own in Figure 1. Optiized 
structures (6-31CW/6-31G9 of borane adducts of 4-me&y1 o~~rolidine (2% and 2’~‘) are sbowo in Figure 
2 whereas optimized (6316//6-316) st~ctures of the borane addwts of bi- and rricyclic systams (2’d and 2’e) 
are depicted in Figure 3. Selected bond leagths, atomic and group charges and HC&fO I LUMO eMxgies catcUl& 
at the 6-3lCi level are sum in Table 2. S&Wed torsion angles (6-316116-316) of all the optimized 
sm~es are co&.cted in Table 3. Energies of the f~rmadon of boram adducts 2%-e, 2%’ and 2’d’ are z$ikcwn 
in Table 4. 

Table 1. l’otai ener&s and dipole moments of ox~rolidi~~ I’M? and baram adducts 2’a-c 2’45 and 
2’d’ a I 

smae 3-216113-216 4-316114-316 6-316116-316 4.3tG*ff4-3LG* 6.31G”f16-316* 
.--- -- 

s% na E D E D E D E D 

l’a -232.01452 3.16 -232.95883 3.18 -233.19703 3.21 
l’b -270.8272’7 3.09 -271.92786 3.14 -272.20638 3.17 
1 ‘c -270.83815 3.20 -271.94089 3.23 -272.21968 3.26 
l’d -347.30477 3.36 -348.71702 3.44 -349.07697 3.49 
l’e -423.79408 3.20 -425.r1558 3.29 -42J. 9SSQ7 3.33 
Z‘a -258.28393 522 -2S9.32696 a.93 -2S9sQoSZ 4.89 
Z’b ~297.#723 5.14 -298.29516 4.89 -2Q8.SQ875 4.83 
2’c -297.10587 5.62 -298.30734 5.32 “298.61167 5.20 
2’e” -2P7. mQI 5.38 -298.30544 5.09 -299.6099s S.03 
2’d -373.58165 6.06 -37.5.091m 5.84 375.47586 S.80 
2’d’ -373.56097 5.46 -375.07171 5.24 “37S.4S6~1 5.20 
Z’e “4so.Km93 6.23 -451.89o9Q 6.00 -452.35700 5.99 

-233.07225 2.65 
-272.06448 2.52 
-272.07235 2.67 

_ - 
_ - - _ 

4259.45727 4.98 -2S9.7OQ44 4.97 
-2Q8.44#3 4.83 “298.73743 4.80 
-298.45521 5.34 -298.74573 5.32 
-2%.45420 5.09 -298.74473 5.06 

-233.29859 2.67 
-272.32902 2.54 
-272.33700 2.69 

_ _ 

Oxazaboroiidines 

Optimized (6-31G*//6-31G*) Wu~s of l’a, l’b aad 1% appeared to be closely similar, e.g. lengths of 
the B-N and B-0 bonds were within the ranges of l.~.~l and 1.364SkoOl A. Ring system of 2% and 
l’c waxe tally pianar whereas in the case of I’b cxcrbma adjam to the ring nitrogen were s~~~~ bmt out 
of the pfsm of the rest of the iktg atoms. &m&s of catcuiations carried out at the 6-31G level wem cimsistmt with 
&se done with aeon functions (at the 6-31G* heI). 
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Figure 1. Stereo representations of the optimized (6-316//6-316) structures of oxazaborolidine 
derivatives l’c, l’d and l’e. 

Table 2. Selected bond lengths, atomic and group charges and HOMOAUMO energies of 

oxazaborolidines l’ae and borane adducts 2’a-e, 2’~’ and 2’d’ (6316/K%31G). 

Structure Bond lengths? Charges Orbital energiesb 

N-Bhg 0-Btig N-BBH~ Bring N 0 BHsC HOMO-l LUMO-1 

l’a 1.406 1.390 +o 828 -0.962 -0.766 - -10.23 +5.57 
l’b 1.406 1.390 +0.831 -0.889 -0.768 - -9.73 +5.51 
l’c 1.406 1.390 +0.825 -0 953 -0.767 - -10.20 +5.55 
l’d 1.404 1.396 +0.826 -0.883 -0.772 - -9.66 +5.27 
I’e 1.410 1.395 +0.834 -0.854 -0.775 - -9.66 +5.17 
2’a 1.490 1.361 1.750 +0.891 -1.034 -0.742 -0.178 -11.42 +4.06 
2’b 1.495 1.359 1.748 +0.901 -0981 -0.743 -0.173 -11.36 +404 
L’c 1.484 1.360 1 767 +0 885 -1.046 -0.739 -0.180 -11.33 +4.10 
2’c’ 1.491 1.361 1.765 +0.891 -1.039 -0.745 -0.176 -11.31 +4.07 
2’d 1 496 1.356 1713 +0.892 -1 WO -0.737 -0.176 -11.06 +4.07 
2’d’ 1.488 1.374 1.772 +0.944 -0.996 -0.774 -0.167 -11.27 +4.08 
2’e 1.495 1.359 1.715 +0.896 -0.997 -0.743 -0.183 -10.96 +4.09 ---- ____- 

a Bond lengths given in &ngstrijms. b HOMO/LUMO energies given in eV. 
oxazaborokline system. 

c Charge transfer to the BH3 moiety from the 

On the basis of inspection of bond lengths shown in Table 2 one could conclude that not only the simple 

oxazaborolidines (l’a-c) but all these molecules (1’a-e) are structurally closely similar (e.g. lengths of the B-N 

and B-O bonds in the group of l’ae are within the ranges of 1.407&0.003 and 1.392M.003 A). A comparison 

of charges of l’ae reveals only that neither the charge of boron, nitrogen nor oxygen will depend significantly on 

the nature of the hydrocarbon skeleton in which the oxazaborolidbte system is embedded. Nevertheless, the charge 
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of nitrogen depends on the number of carbons the nitrogen is bound to [e.g. charges of the nitrogens of l’a and 

l’c (RNH-B systems) are closely similar; equally similar are the corresponding values of l’b, I’d and l’e 

(RzN-B systems), see Table 21. The same applies to the HOMO-l values of these oxazahorolidines. The values of 

l’a and l’c are closely similar; and so are those of l’b, l’d and l’e (Table 2). 

Table 3. Selected torsion angle@ of optimized (6-31G//6-31G) structures of oxazaborolidines 1%e 

and borane adducts 2’a-e, 2%~’ and 2’d’. 

H 
\ 

C(6) \ I C(4) 
-C(5) \ 

I 

C(6)’ 
/* 

I 
N 1 B(2) 

\ 
BH3 \ 

Structure Torsion anglesa _________________~-___________________------~---_----------------_-----~-_--- ___ 

N-C(5)-C(4)-0 B-O-C(4)<(5) N-B-O-C(4) O-B-N-C(E) O-B-N-C@) B(Z)-N-C(5)<(6) C(6)-C(S)-N-B(BH3) O-B-N-B 

1 ‘a -1.0 10 -04 1800 -03 
l’b -8.0 72 -3.3 -179.7 -2.4 
1 ‘c -0.6 0.7 00 179.3 00 -121.0 
1 ‘d -3.7 4.8 -3.9 1580 1.3 126.3 
l’e -8.6 9.0 -5 7 148.2 -03 118.6 
2’a 24.7 -18.0 34 141.9” 13.0 -104.9 
2’b 247 -18.5 4.5 139.9 11.8 -102.0 
2’c 110 44 -0.3 1373b 8.2 1114 -132.0 -1119 
2’c’ 25.9 Il.7 1.9 142.o” 1.5 4 -149 3 -34.7 -108.3 
2’d 12 -0.4 -0.6 121.0 1.5 120.3 -126.8 -116.6 
2’d’ -34.8 21.8 0.0 -143.5 -23.2 171.6 65.7 95 0 
2’e 46 00 1 .o 118.9 -1.3 115.2 -129.8 -118 9 

a Torsion angles given in degrees b The value of the angle O-B-N-H shown in placa of that of O-B-N-C(B) 

The LUMO-1 values of l’b, l’d and l’e imply that LUMO-1 energies would depend on the nature of the 

ring system fused/bridged to the oxazahorolidine ring. The LUMO-1 energies decrease slightly with the increasing 

amount of rings fused/bridged to the oxazaborolidine ring (i.e. Lewis acidity of the ring boron would slightly 

increase with the increasing ring strain). The observed change of LLJMO-1 energies in the series of l’b, l’d and 

l’e is, however, much less significant than that seen to be involved in the formation of borane adducts of 

oxazahorolidines discussed later. 

As the first step in the mechanism of CBS reduction is the coordination of borane to the nitrogen of 

oxarahorolidine it could be useful to study how the nitrogen of the catalyst models is hound. However, it turns out 

that in the case of l’a, I’b and l’c the ring nitrogen and all atoms adjacent to it are practically in the same plane 

but in the case of I’d and l’e they are not (e.g. on the basis of 6-31G calculations the ring nhrogen of l’e resides 

about 0.205 A above the plane of atoms adjacent to it; in the case of l’d and l’b the corresponding values are 

0.149 and 0.020 A). The decrease of planarity of the geometry of ring nitrogen can be seen clearly also in the 

series of l’b, I’d and l’e as the values of torsion angle O-B(2)-N-C@) (see Table 3) are inspected. In the case 

of l’b the angle is 179.7”, in l’d 158.0” and in the case of l’e already 148.2”. On the basis of these observations 

it looks as if the predicted strain of the B=N x-bond at the ring fusion could be located to the torsion angle O-B(2)- 
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N-C@). This is a reasonable conclusion also in that in all l’b, l’d and t’e the other carbon adjacent to the ring 
nitrogen [C(S), Table 31 appears to stay in the O-B-I? plane [e.g. the torsion angle 0-B(Z)-N-C!(S) of these 
structures deviates only by 2.4* or less from 00, Table 31. The carbon adjacent to the ring oxygen is also bent out 
of the O-B-N plane but only of a few degrees [e.g. the maximum deviation of the O-B(2)-N-C(S) angle from O” is 

-5.7O (in the case of l’e); Table 31. 
Results of the above analysis of torsion angles indicate that in the fused $5 ring system of I’d (and in ulat 

of l’e) the lone palr of nitmgen resides on the convex side of the ring (the lone pair of ring nitrogen is cis to the 
hydrogen at the ring fusion carbon atom). Consequently, as the lone pair resides on the less stezically hindered 
side of the oxazaburulidine system the formation of borane adducts analogous to 2’d should be favowed over 
those analogous to Z’d’, not only because of the pqxwd lower energy of Z’d, but also because of kinetic 
reasuns. Furthermore, inversion of the ring nitrogen requiring a considerable amount of energy9 would be needed 
for the formation of adducts analogous to 2’d’. 

In the light of the above analysis of torsion angles it is surprising that the bond lengths and electronic 
properties of l’ae (Table 2) can be so similar. It looks as if forcing the ring nitrogen from a planar configuration 
towards a tetrahedral arrangement would hardly affect properties of the oxazaborolidine ring at all. Nevertheless, 
this does not mean that the ease of formation borane adducts would not be affected by these changes. Namely, the 

more the planarity of the ring nitrogen is disturbed the more the nitrogen would be exposed to acids (e.g. borane) 
able to coordinate to it. 

Bond Imath a 2’c 2’c’ l’c 
awh 
0-B 1.334 1.336 1.364 
N-B- 1.483 1.486 1 401 
;-f-&i . . t 1.719 07.2” tO4.7* 1.723 - 

O-B-N 1lO.C 110.3” 110.4’ 

Tonrronanges 2% 2’C’ 1 ‘C 

N-CG-0 12.5O 26.9” -0.8’ 
B-O-C-C -7.50 -17.9’1 0.7” 
N-B-O-C -0.9” 1.0” 0.P 
OB-N-H 134.00 139.5” 179.3” 
0-B-N-C 9.20 l&6* 0.0’ 
EWC-c, 110.2” -150.39 -t21.0” 
B-N&H -12Q.s* 88.2” 1172” 
&&-N-&,3 -132.P -34.8” 
OS-N-B -11200 -ioa.ff 

Figure 2. Stereo representations of the optimized (631G*//6-31G*) structures of borane 
adducts 2’c and 2’~‘. Some of the most important bond Iengtbs [in AI and angles 
are shown. Values of 1% are included for purposes of comparison. 

lorane Adduets of l~,Z~xa~borolidine and Simpie Analogs 

Optimized structures (6-3IG*//6-31G*) of borane adducts of 4-methyl oxazaborolidine (2% and 2’~‘) are 
shown in Figure 2 whereas those of the bi- and tricyclic systems 2’d and 2’e (6-31G//6-31G) are depicted in 
Figure 3. Selected structural parameters and properties of borane adducts Z’ae, 2%~’ and 2’d’ are shown in 
Tables 2 and 3 and energies of the formation of the adducts in Table 4. 
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Bond lengths of the adducts 2’a, 2’b, 2’c and 2’~’ optimized at the 6-3lG* level were closely similar; e.g. 
the ring B-N and B-O bonds of 2’a, 2’b, 2’c and 2’~’ were within the ranges of 1.485~.002 and 1.335iO.001 

A. The N-BnE, bonds of 2’a, 2% and 2’~’ were al1 within the range of 1.72OM.003 A. The N-BBB~ bond of 
2’b (1.713 A) was slightly shorter. Similar conclusions were drawn when the bond lengths optimized at the 6 
31G level were inspected (Table 2); only the variation of values was somewhat larger. 

Although the ring system of l’c is practically planar (e.g. torsion angles of l’c are all oofl”, see Figure 2 
and Table 3) the main differences between the cis- and rr~s- adducts of borane to l’c appear in the torsion 
angles of the adducts (Figure 2). Torsion angles of the oxazaborolidine ring do not change much as the rrans- 
adduct (2’~) is formed but in the case of the formation of cis-adduct 2%~’ planarity of the ring is clearly lost (e.g. 
the angle N-C-C-O of l’c is -O.P, that of 2’c still 12.Y but in the case of 2%’ already 26.9”, Figure 2). 
Nevertheless, orientations of the borane moieties in both 2’c and 2’~’ are almost equal (e.g. bond lengths, B-N-3 

angles and the torsion angles O-B-N-B of 2’c and 2%’ are closely similar, Figure 2 and Tables 2 and 3). 

Table 4. Energiesa of the formation of borane adducts 2’a-q 2’~’ and 2’dl.b 
-------_--~_~-----~-~-~~ 

Reaction 3-216 4-31G 6-316 4-31G* 6-31G* 

Al? -- ----- 
l’a + BH3 -b 2’a -84 -50 -44 -57 -55 
l’b + BH3 -z 2’b -86 -47 -41 -51 -48 
l’c + BH3 -z 2’~ -80 -45 -40 -52 -49 
l’c + BH3 -> 2’c’ -75 -40 -35 -49 -47 
l’d + BHs -9 2’d -104 -60 -58 
l’d + BH3 -> 2’d’ -50 -9 -8 
l’e + BH3 -> 2’e -104 -69 
H20 + BH3 -> H20*BH3 -105 -60 :g -43 -38 
Me20 + BH3 -> M%0.BH3 -110 -71 -65 49 45 
-~-------- __--____ ___--___----__---_----~~----- 

*Energies (AE) given in W m01~1. b See Figures 2 and 3. 

Inspection of the structural representations and torsion angles shown in Figure 2 reveals that the methyl 
group of 2%~ is axial whereas that of 2’~’ is equatorial. Although there are no important repulsive interactions 
between the methyl and BHs groups of 2’c forcing the methyl to an axial configuration would be unadvantageous. 

Therefore, it is not surprising that the tilt angle of the methyl (about the ring) of 2’c is much smaller than that of 
2%~’ [e.g. the torsion angle Bc,,a-N-C-CGE, decreases by 10.8” from the value of l’c (121.00) as the adduct 2%~ 
(axial methyl) is formed whereas in the case of 2’c’ (equatorial methyl) the corresponding change is 29.3”, Figure 
21. Indeed, it looks as if the advantage predicted to be achieved in the case in which the CH3 and BH3 groups were 

placed trans about the ring (repulsive interactions between the adjacent CH3 and BH3 groups in miniium) would 

be almost canceled as the methyl group would be simultaneously forced to an unfavorable axial position. In the 
case of the adduct 2’c’ repulsive effects can be avoided as the planar conformation of the ring turns to an envelope 
shaped one and the methyl tilts to an equatorial, energetically more advantageous, position 

Comparison of the values of torsion angles of 2’a, 2’b and 2%~’ (Table 2) reveals only that the angles are 
closely similar. Oxazaborolidhms appear to have a propensity to keep the whole heterocyclic ring closely planar but 
in their borane adducts only the nitrogen, boron, oxygen and the carbon adjacent to the oxygen are kept in the 
same plane whereas the carbon adjacent to the ring nitrogen is allowed to tilt out of the plane. This behaviour could 
be rationalized by taking into account the resonance structures of oxazaborolidmes and those of their borane 

adducts depicted in Scheme II. 
On the basis of the resonance structures shown in Scheme II (part A) it can be seen that in the case of 
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oxazaborolidines the N, B and 0 atoms of the ring would be involved in partial double bonds and obviously other 

atoms adjacent to them must stay in the same plane. Consequently, all ring atoms would be required to stay in the 
same plane. ln the case of borane adducts of oxazabomlidines a partial double bond can be formed only between 
the ring boron and oxygen. Therefore, only four atoms, those adjacent to the boron and oxygen of the ring are 
required to stay in the same plane. As the tifdr atom tilts out of the plane of the others the ring system rotates to an 
envelope conformation (Scheme II, part B). Importance of these resonances has been discussed in previous parts 

of reports of this serles.7 Importance of the resonance [B-O <-> B-=0+] in these borane adducts can be seen when 
the bond lengths of oxazaborolidines and those of their borane adducts are compared. When borane coordinates to 
an oxazaborolidme the resonance [B-N <-> B-=N+] disappears (the B-N bond lengthens, Table 2) and the [B-O 

<-> B-=0+] resonance strengthens (the B-O bond shortens, Table 2). 

Scheme II 
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On the basis of the above analysis of conformational changes involved in the formation of borane adducts of 
oxazaborolidines it is easy to understand that the energy of formation of the trans-adduct 2’~ can be as little as 2 
kJ molt more negative than that of 2’c’(6-31G*//6-3lG*, see Table 4). On the other hand, a question which was 
one of the major concerns of this work arises again. If both the cis- and trans-adducts of an oxazaborolidine 
analogous to 2’c and 2’~’ would be formed and if they would act as catalysts, how can then such a simple 

oxaxaborolidme as lB7 analogous to l’c serve as a catalyst for the enantioselective reduction of ketones ? 
However, even if both tbe c& and tram-adducts would be formed in the reaction of a chlral4-substituted 
oxazaborolidine (e.g. 1B) with borane, one diastereomer of the adducts could work much faster as a catalyst tban 
the other. In order to test this hypothesis an introductory study of the coordination of a Lewis base (water used a 
Lewis base) to the ring boron of the adducts 2’c and 2’~’ was undertaken at the 6-31G level. Results of this 

study are summarized in Scheme III. 
As the coordination of water to 2’~ releases 11 kJ mol-l more energy than the corresponding process in the 

case of 2’~’ (Scheme III) it indeed looks as if a Lewis base (solvent or the ketone to be reduced) able to coordinate 
to the ring boron of the diastereomerlc borane adducts could favour one of the diastereomers. Taking the difference 
of energies of the formation of diastereomers 2’~ and 2’~’ (5 kJ mol-1 at the 6-31G level, Table 4) into account 
allows one to calculate the energy of formation of the water adduct of 2’~ from l’c and HzO*BHs to be 16 kJ 
mol-l more negative than that of the corresponding water adduct of 2’~‘. If the relative energies of formation of 
the corresponding ketone adducts of 2B and 2B’ would be at the same level the relative amount of transition state 
in which the ketone to be reduced is coordinated to the cis-adduct 2B’ would be far below the level of 1% ; i.e. 
even though 2B’ could be fornwd it practically would not function as a catalysts. One could conclude also that the 
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nature of asymmetric induction in the case of IA as a catalyst would be different t?om that of 1B. Nevertheless, 

even though it appears, in the light of this conclusion, to be easy to explain why also IB can behave as a 

catalystl%a for the enantioselective reduction of ketones, this proposal needs to be studied further. 

Scheme III 
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Borane Adducts of Fused and Bridged Oxazaborolidine Systems 

Optimized structures (631G//6-31G) of borane adducts of bi- and tricyclic systems (2’d and 2’e) are 

depicted in Figure 3. Structural parameters of all borane adducts are collected in Tables 2 and 3. Energies of the 

formation of all adducts are shown in Table 4. 

2’e 2’e 

Figure 3. Stereo representations of the optimized (6-31G//6-31G) structures of borane 
adducts 2’d and 2’e. 

Comparison of the energies of formation of 2’a-c calculated at the 6-31G level with the corresponding 
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values provided with polarization functions (at the 6-3lG* level) reveals that energies in the former group are 

about lM3 k.l mol-t less negative than the corresponding values in the latter. Therefore, it could be reasonable to 

estimate energies of the formation of the more complicated systems 2’d, 2’d’ and 2’e to be also about 10&3 kJ 

mol-1 more negative than the corresponding values provided at the 6-31G level; i.e. energies of the formation of 

2’d, 2’d’ and 2’e could be predicted to be about -68f3, -18s and -74s kJ mol-1 if calculated at the 6-31G* 

level. When 6-31G* energy of 2’d and the estimated 6-31G* energies of 2’d’ and 2’e are compared with the 

energy needed for separating borane from its solvent complex [e.g. 38 kJ mol-1 needed for separating BH3 and 

water in HjBaH2 and 45 kJ mol-’ for separating BH3 and Me20 in H3B=OM%, (6-31G*//6-31G*), Table 41 it 

can be seen that reactions of oxazaborolidines, and particularly those of strained ones, witb borane complexes 

analogous to H3B=OR2 leading to the formation of borane adducts of oxazabomlidines, would be energetically 

advantageous. Contradictory conclusions could have been drawn on the basis of energies calculated at the 6-31G 

level, because the relative order of 6-31G and 6-31G* energies of the formation of H3B*OHz and H3B*OM% 

appears to be reverse to that of borane adducts of oxazabomlidines (Table 4). 

Comparison of energies of the formation of cis- and nuns-fused adducts 2’d and 2’d’ reveals that the 

formation of adducts analogous to the trans-fused system 2’d’ would be substantially less advantageous than the 

formation of corresponding c&fused adducts (e.g. the energy of formation of 2’d calculated at the 6-31G level is 

-58 kJ mol-l whereas that of 2’d’ is only -8 kJ mol-1, Table 4). In contrast to the energetics of formation of 

adducts 2’a-e discussed above, the energy of formation of 2’d’ is substantially lower than that needed for 

separating borane from its solvent complex (Table 4). Therefore, under normal conditions of a CBS reduction 

(H3B*THF + the CBS catalyst in a m solution), formation of trans-fused adducts analogous to 2’d’ would be 

hardly seen. 

As could have been expected on tbe basis of the major structural difference between l’a-c and l’d-e 

discussed above [the torsion angle O-B-N-C(8) of l’e is 148.2” and that of I’d 158.0” whereas the corresponding 

values of ail l’a-c (the values of l’a and l’c on the basis of the torsion angle O-B-N-H) are within the range of 

180.0’%.3”, Table 31 energies of the coordination of borane to the fused and bridged systems I’d and l’e are 

considerably more negative than the corresponding values of l’a-c (e.g. the energies of formation of 2’b, 2’d 

and 2’e are -41, -58 and -64 kJ mol-l, at the 6-31G level, Table 4). This correlation between energies and torsion 

angles was actually pointed out already by Corey et al when they mentioned excess strain of the B=N n-bond at 

the ring fusion of 1A as a factor facilitating the formation of 2A.la 

As observed in the case of oxazaborolidines I’a-e, also the corresponding borane adducts 2’a-e are 

structurally closely similar if they are compared on the basis of bond lengths [e.g. the ring B-N and B-O bonds of 

2’b, 2’d and 2’e are within the ranges of 1.495+~0.001 and 1.358ti.002 A; only the B-NBH3 bond of 2’b 

(1.748 A) is somewhat longer than those of 2’d or 2’e (1.714iO.001 A)]. These bond lengths are rather close to 

those determined by Corey et al for a related borane adduct 2 (R=CH&” Lengths of the B-N, B-O and B-NBH3 

bonds of 2 (R=CH3) were determined by X-ray diffraction to be 1.486,1.335 and 1.620 A.6 The bond lengths 

determined in this work by means of these ub inirio methods differ from those of 2 (R=CH3) by about 0.01,0.02 

and 0.1 A. Surprisingly, the calculated bond lengths are longer than those determined by X-ray diffraction. On the 

other hand, as the substituents of the ring system of 2 (R=CH3) are different from those of 2’d or 2’e some 

structural differences could be expected to be seen. 

Not only the bond lengths but also the charges of borane adducts studied appear to be rather closely similar 

(e.g. charges of the ring boron, nitrogen and oxygen are witbln the ranges of +0.893&0.008, -1.014fo.032, and 

-0.74O~tO.003). Values of the charge transfer from the oxazabomlidine to the borane moiety are also all closely 

similar; all within the range of -0.18oM.004. Nevertheless, a slight correlation of the charge tranfer with the 

nature of the ring system of the catalyst can be found as the negative charge of the borane increases from -0.173 
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and -0.176 and -0.183 in the series of 2’b, 2’d and 2’e; i.e. in the same order as the ring strain is supposed to 

do. The same applies to the LUMO-1 values of all 2’a-e in that all the LUMO- 1 energies of 2’a-e are withing the 

range of 4.07rtO.03 eV. However, no correlation of LUMO-1 energies with the nature of the ring system can be 

found. This implies that the Lewis acid strength of the ring boron of borane adducts of oxazahorolidii would not 

be affected much by the nature of the hydrocarbon framework in which the active center of the catalyst is be 

embedded. This proposal appears to be supported also by experimental facts in that oxazaborolidme catalysts in 

which the oxazaborolidme ring is fused either to a 4-, 5- or 6-membered carbocyclic ring have all been shown to 

be active in the enantioselective reduction of ketones .2ca Furthermore, catalysts in which the oxazaborolidine ring 

was fused either to a 4- or 5-membered ring were found to produce only about 5-10 56 higher enantiomcric excess 

than the corresponding system composed of an oxazaborolidine fused to a 6-membered carbocycle. This implies, 

as mentioned in part IV of reports of this series,Td and recentiy also by Rao et al,k that rigidity of the ring system 

of the catalyst could be of importance to good performance of these catalysts. 

In contrast to LUMO-1 energies, HOMO-l energies of the adducts (2’a-e) appeared to depend slightly on 

the nature of the ring system which the oxazaborolidine is a part of. The HOMO-l energies decrease with 

increasing ring strain of the borane adducts (e.g. the HOMO-l values of 2’b, 2’d, and 2’e are -11.36, -11.06 

and -10.96 eV, Table 2) implying that the propensity of the borane moiety to donate a hydride increases with the 

increasing ring strain of the catalyst (HOMO-l of these type of adducts consists mostly of the functions of 

hydrogens and boron of the borane moiety and some density from the oxygen of the oxazaborolidme ring).7a 

Perhaps the most significant structural difference between the simple adducts (2’a-c) and the fused and 

bridged systems (2’d and 2’e) can be found again in ring torsion angles (see Table 3). Namely, if the values of 

torsion angles N-C(5)-C(4)-0, B-O-C(4)-C(S), N-B(2)-0-C(4) and O-B-N-C(5) of 2’a-b and 2’~’ representing, 

an envelope shaped ring system are compared with those of 2’d and 2’e it turns out that the oxazaborolidine rings 

of 2’d and 2’e are, in contrast to those of 2’a-q highly planar (e.g. the angles of 2’d and 2’e are all within the 

range of O.l’f1.4”, Table 3). Surprisingly, a same type of behaviour can be seen when dipole moments of the 

adducts are inspected (Table 1). Namely, the dipole moments of 2’d and 2’e are substantially higher than those of 

2’a-c and 2’~‘. This could not have been predicted on the basis of dipole moments of the parent 

oxazaborolidines; dipole moments of all l’a-e are closely similar (Table l), as were most of the other electronic 

properties of the oxazaborolidiies and their borane adducts that have been studied. Nevertheless, the higher dipole 

moments indicate that borane adducts of strained oxazaborolidines would interact more intensively with other polar 

molecules; e.g. Lewis basic solvents, or in the case of a CBS reduction, with the ketone to be reduced. 

Computational studies of these exciting catalysts continue. 

CONCLUSIONS 

Energies of the coordination of borane to strained oxazaborolidines [of wfiich the N-C(4) bond of the ring is 

fused to another ring of size 4-51 are more negative than those of the corresponding reactions of non-fused 

oxazaborolidines. Coordination energies were found to increase with increasing strain of the B=N bond at the ring 

fusion. Energy of the formation of c&fused borane adduct of the oxazaborolidine derivative of 2- 

hydroxymethylpyrrolidine was substantially more negative than that of the corresponding rruns-fused adduct. In 

the case of borane adducts of $-substituted non-fused oxazaborolidines, conformational effects of the 

oxazaborolidine ring were found to be energetically as important as interactions between the adjacent BH3 and 4- 

substituent. The nature of asymmetric induction in the case of 4-substituted non-fused oxazaborolidines as 

catalysts for enantioselective reduction of k&ones was predicted to be different from that of the conventional CBS 
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catalysts and related systems of which a common property would be the N-C(4) bond of the oxazaborolidine ring 

fused to atlotber ring of size 4-5. 
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