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Abstract: - Aggregation reactions of borane and oxaxaborolidine type of chiral catalysts were 
investigated by means of ab in&o molecular orbital methods. Aggregates consisting of borane and two 
cataIyst molecules wem studied by using 1,3~~~~li~e as a model of the cata&& and those of two 
boranes and two catalyst molecules by using H2N-B(R)-OH. The behaviour of oxaraborolidines, as they 
react with intermediates of the CBS reduction, was found to resemble that of ketones or Lewis basic 
solvents (the polar B-=N* bond of oxazaborolidine behaves as the C=O bond of ketone; nitrogen of 
0xazaboroMine behaves as a Lewis base). 

INTRODMYION 

Chiral catalysts such as oxaxaborolidines 1, of which the mechanism of action was discovered by Corey et 
a&t are known to induce a highly enantiosektive reduction of ketones when a Lewis acidic borane is used as a 

source of hydrogen (the CBS reduction). 1-4 The borane adduct 2 has been suggested to play a key-role in the 
mechanism of the catalysis1 The formation of 2 has been recently confirmed by Corey et al by determining the 
three diiional structure of the enantiomer of 2 (R=CH3) by means of X-ray ~~l~~y.5 M~~stic 

details of the catalysis have been lately investigated also by using ab ititio molecular orbital me&ods,eJ 

Although the adducts 2 are already rather well characterized they may still have some unreveaied properties 
whiih could be impormnt to take into account when the best performance of these catalysts is sought. Moreover, to 
My understand what are the limitations of the catalysts one shoukl also be abb to predict what properties they 
would not have. For exampfe, Tiahuext and ~ontrerass report that when an oxaxaborolidme derivative of 
ephedrine is treated with B2De the hydrogen of the ring boron will be replaced by deuterimn. Furthermore, they 
also suggest* that, when bonme coordii to oxaxahotulidine, a hydrogen bridged “diborane” (3, Scheme I) 
would be formed instead of the conventional &duct (e.g. 2). Adducts 3 were predicted to dimerixe to give 
aggregates 4. 
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Scheme I 

As the hydrogenideuterium exchange has been observed there must exist a mechanism by which hydrogens 
of the borane interact With the boron of the catalyst. In this light the formation of 3 would explain the exchange. 

On the other hand, the formation of systems analogous to 3 has been observed reliably only in the case of highly 
reactive electron peon borane derivatives (e.g. on the basis of a microwave9 study of a borane adduct of 
aminoborane). When cbnsidering these observations on a more advanced level it could be rational to assume that 
the propensity of these blar molecules to form aggregates would be atlrlbutable to the Lewis acid-base properties 
of the lnteractlng moie$es. In reference to the previous parts of these studies& one could point out that the Lewis 
acidic and basic sites o oxazaborolidines (1) and their borane adducts (2) are known (on the basis of analysis of 
HOMO-l and LIMO- I of 1,3,2-oxazaborolidine and its borane adduct). The most acidic site of oxazaborolidines 
and their borane addu 

! 

is on the boron of the oxazaborolidine ring (though acidities of oxazaborolidines are 
clearly lower than thos of their borane adducts).& Basic properties of oxazabom lidines locate mostly to the ring 
nitrogen (and somewh to the ring oxygen) whereas those of their borane adducts appear in the borane moiety 

(particularly in the hybgens).h On this basis one could perceive 3 as a system in which an intramolecular 
neutralization of the acjidic and basic sites had taken place. Therefore, altbough the formation of 3 has not been 
confirmed so reliably a$ that of 2 (e.g. by means of X-ray crystallography) the assumption of the formation of 3 is 
not formally wrong. Tl+ same conclusion cannot be drawn in the case of the formation of 4 as the hydrogen of the 
ring boron of borane adducts of oxazaborolidines would not be involved in the most Lewis basic site of the borane 

adducts. 

As not much is k$own about the aggregation of borane and oxazaborolidines and two different structures (2 
and 3) have been su ested for the adducts the primary aim of this work was chosen to be the estimation of 
properties and stabilities of 2,3 and aggregates 4. Formation of aggregates consisting of two catalyst 
molecules and one borane (5’ - 8’ and 7” - II”, Scheme II) was also investigated. 

MODELS AND COMPUTATIONAL METHODS 

Standard ab initfo molecular orbital calculations were can-led out by using the Gaussian 80 series of 
programs at the 3-2lG, 4-3lG, 6-31G, 4-31G* and 6-3lG* levels. 10 Modeling techniques similar to those 
described in the previous reports of this serie& were employed. Reactions of borane with two catalyst molecules 
(i.e. reactions of one b&me-catalyst adduct with another catalyst molecule, see Scheme II) were studied at the 3- 
2lG, 4-31G and 6-316 levels by using l’a (l’, R=H; Scheme II) as a model of the catalyst and 2’a (2’. R=H; 
Scheme II) as a modeli of its borane adduct. The formation of 4 was investigated by using the models 4’a, 4”a 
and 2’b. As models of 5’ - 8’ and 7” - 8” were used the analogs Sa - 8’8, 7”a and 8’8 (5’ - 8’ and 7” - 
8”; R=H; Scheme II). $tability of the hydrogen bridged adducts 3 of Tlahuext and Contreras* was determined by 
using the model 3’a. No other calculations on the structures 3’a - 8’8, Pa or 7”a - 8”a appeared to have 
been published. properfries of l’a, 2’a and 2’b have been discussed in the previous parts of this series.h7 
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RESULTS AMI DISCUSSION 

Total energies and dipole moments caI’x&~ed are summmized in Tabb 1. Optimized structures of the 
aggregatas 4k and 4”a (6-31GMS-31G) are shown in Figure 1. MulIiken overlap populations of J’a - g’a, 7’k 
and 8”a (6-3lG//&31G) are shown in Figure 2. The optimized structures (6-31G%-31G) of Sa and 6% are 
depicted in Figure 3, those of 7’a and 7”a in Figure 4 and the stxuctures of the hydrogen bridged systems (8’a 
and 8%) in Figure 5. Energies of the Zion of these ogres are shown in Table 2. 

when geometries of 3’a, d’a and 4”a were optimized their diborane ring systems were cleaved. Struchral 
pammetws of the monome& moieties of opts 4’a sad 4”s appear& to resemble those of the free monomex 

2’b.a All attempts to optimize the bicyck borane adduct (3’a) led to a conformer of 2’a of v&i& one of the 
hydmgeas of the BH3 group resided above the 3-N bond of the ring (the N-BH3 in 813 eclipsed confen). 
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This conformer was less stable than the other (the staggered one) reported in the literature (3.5 kJ mol-* at the 6- 

31G level and 3.6 kJ moP1 at the 6-31G* level). 6,7 On the basis of these results it looks, in contrast to the 

suggestions of Tlahuext and Contreras,* as if diboranes structurally analogous 3 or 4, if formed under some 

conditions, would be unstable. They would be spontaneously converted to the corresponding borane adducts 2. 

Table 1. Total energi(es and dipole moments of the models l’a - 8’a and 4”a and 7”a - 8”a.a 
_------ ---I 

Slructure 3-2lGill3-216 4-316114-316 6-316116-316 4-316*1/4-316” 6.31G”116-3lG* 

E” IYI E D E D E D E D 

l’a -232.014$2 3.16 -232.95883 3.18 -233.19703 3.21 -233.07225 2.65 -233.29859 2.67 
1 ‘b -155.55682 3.27 -156.19671 3.20 -156.35434 3.23 -156.25862 2.95 -156.40862 2.96 
2’a -258.28393 5.22 -259.32696 4.93 -259.59052 4.89 -259.45727 4.98 -259.70944 4.97 
2’b -18 1.82032 4.72 -182.59939 4.21 -182.74260 4.21 -182.63855 4.48 -182.81418 4.46 
4’a -363.64577 8.25 -365.12305 7.79 -365.48931 7.77 - _ - _ 
4”a -363.65481 0.97 -365.13228 1.72 -365.49849 1.85 _ _ _ _ 
5’a -490.3335 1 5.28 -492.29551 5.10 492.79460 5.08 _ _ _ _ 
6’a 490.34711 4.40 -492.30935 4.01 -492.80888 3.93 - _ - _ 
7’a 490.3O2.50 10.10 492.27579 9.43 -492.77580 9.36 - _ _ _ 
7”a 490.3 1476 5.66 492.28765 5.27 492.78796 5.18 _ _ _ _ 
8’a 490.31136 3.29 -492.28283 3.21 492.78388 3.19 _ _ _ _ 
R”a -490.3 1348 4.11 492.28378 3.91 -492.78472 3.83 - _ _ _ 

W -26.23730 0 -26.34927 0 -26.37679 0 -26.36322 0 -26.39000 0 

a Total energies(E) given in hartrees and dipole moments (D) in &bye. 

formation of aggregates 4’a - Wa, 4”a, 7”a and 8”a 
of the formation of formaldehydeb and water adductsb of 2’a 

and the corresponding energies correctedc with respect to the most important 
--__-- -__- 

Reaction 3-216 4-316 6-31G 

i.wa AEs,+ hEl &c m3 A&c --_-~----_ - 
2’b + 2’b -> 4’a -13 +207 -11 +103 -11 +93 
2’b + 2’b -> 4”a -37 +183 -36 +67 -35 +69 
l’a + 2’a -> 5’a -92 +15 -26 +24 -19 +26 
l’s + 2’a -z- 6’a -128 -21 -62 -12 -56 -11 
1’8 + 2’a -s 7’a -11 +96 +26 +76 +31 +76 
l’a + 2’a -> 7”a 43 +64 -5 +45 -1 +44 
l’a + 2’a -> B’a -34 +73 +8 +58 +10 +55 
I’s + 2’a -z 8”a -‘lo +67 +5 +55 +7 +52 
2’a + H$=O -a 2’aa=CH2 -38 +69 -3 +47 +1 +46 
2’b + H2C=o -> 2’b*O=CH2 -39 +71 -3 +54 -3 +49 
2’a + Hz0 -> 2’a.0H2 -107 0 -50 0 -45 0 
2’b + Hz0 -> 2’b*OH2 -110 0 -57 0 -52 0 

-_--_____--- --_ -- 
ref. &. c Solvent con=xted a @ion energies (AEsc) calculated by taking 

gy needed to remove water from the most stab e bomne-water adduct of the ccmesponding Y= 
oxazaborolidine 

Aggregation of Bora(ne Adducts of Oxazaborolidines 

Bonding interactjons typical to hydrogen bridged diboranes (e.g. those suggested by Tlahuext and 

Contreras)s were not found when the optimized structures (6-31GW31G) of 4’a and 4”a (Fig. 1) were 

inspected. This implieS aggregates structurally analogous to 4 to be loose and they could be. more likely 

represented as two bor~e-oxazaborolidine adducts bound by electrostatic interactions. The looseness does not, 
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however, mean that the &nation of this type of sggreg&s would not be advsntageous. Namely, energies of the 

f~ of #a anb 4”a were clesrly negative (& Table 2). ~~ the energy of formation of #‘a was 
much more negative than that of Ca (e.g. at the 6-310 level AE of 4”a was -35 kJ moI-t whereas that of 4’a 
was only -11 kJ mol-1, Table 2). Also the dipoIe moment of 4”a was lower, less thsn one third of that of 4’a 
(e.g. at the 63lG level the moments of 4’a and 4”a were 7.77 D and 1.85 D, Table 1). 

4’a 4'a 

4”a 4-a 

Figure I. Stereo repsentation~ of the optimized (4-3ICiM-310) shuem of the mod& of 
dimeric aggregates (44p and 4%) of borane adducts 2%. Some of the most 
importsnt bond lengths and distances [A] are dwwn. 

It has been shown in part three of this series 6c that the orientation of dipole moment of a borane adduct of 
ox8zakrolidine may have a great infhtace on the nsture of the fuaher reactions of the sdduct. The dipole moment 

vector of these adducts hss been found to be ~~~ aide to the pfane of the ox~li~~ ring 
(Scheme III).& 

Scheme III 

A great part of the total dipole moment of the system consisting of two borane addacts (zt may csncei if the 
a~ctsareorientedsothattfiemomentofonemoietypointstoadirectionoppositetothatof~eother~Inthatcase 
the totaI dipole moment of the dimeric aggregate may become zero at best (e.g. IIT, Scheme III). On the other hand, 
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if the adducts are oriented in such a way that their moments points to the same direction the total dipole moment 
will increase (e.g. A, 8cheme III). If the relative orientations of monomeric moieties of 4’a and 4”a (Fig. 1) are 

compared with those shown in Scheme III it turns out that 4’a resembles the system of higher dipole moment (b, 
Scheme III) and 4”a that of the lower dipole moment (B, Scheme III). 

Also other consequences of the formation of these dimeric aggregates can be found if structural parameters 
of 4’a and 4”a are cor$pared with those of 2’b. The most significant difference appears in the lengths of N-BH3 
bonds. The N-FlH3 bo ds of 4’a are 1.792 and 1.804 A long; i.e. clearly shorter than the corresponding bond of 

2’b (1.833 A). 1 Moreo er, both the N-BHs bonds of 4”a are even shorter, they are only 1.747 A (Fig. 1) long. 
This implies the binding of borane to the nitrogen of oxaxaborolidine to tighten as borane adducts of 
oxazaborolidines form loose aggregates like 4’a or 4”a. That is indeed what could have been predicted to occur 
on the basis of the pre@us studies of this series. 6,7 Furthermore, the B-N bond of oxaxabomlidine ring could be 

predicted to lengthen @l the B-O bond to shorten, the positive charge of the ring boron should increase and the 
LIMO-1 energy dhse. Indeed, the formation of 4’a and 4”a was found to be accompanied also by these 
changes [e.g. in the c e of 4”a (631Gf/6-31G): the B-N bond of the catalyst moiety is 0.012 - 0.014 A longer 

and the B-O bond 0. f 3 - 0.004 A shorter than the corresponding bond of the monomeric borane adduct 2’b, the 
positive charge of the boron of the catalyst moiety is 0.010 - 0.011 higher and the LUMO-1 energy 0.48 eV lower 
than the corresponding values of 2’bl. All these changes imply the formation of this type of loose aggregates to 
enhance the Lewis ac$lity of the boron of the catalyst moiety from the level at which it is in the corresponding 
monomeric borane ucts 2. 

Jzt As the CBS re ion is normally done in the presence of a Lewis basic solvent (e.g. TtDF) and the borane is 
used as a borane-solvunt complex (e.g. THF*BH$ it could be useful to compare energies of the formation of 

aggregates structural1 
adducts. For example 

1 

analogous to 4’a or 4”a with those of solvent complexes~ of the corresponding borane 
at the 6-31G level energies of the formation of solvent complexes of 2’b @O used as a 

model of the Lewis ba ic solvent) have been calculated~ to be, depending on the orientation of the solvent, -52 kJ 
mol-1 (BH3 and Hz0 kfs about the oxaxaborolidiie ring, Table 2) and -38 lcl mol-1 (BH3 and Hz0 trans about 

the oxazabomlidine riup). As hvo molecules of the solvent must be removed in order to form one molecule of the 

dimeric aggregate the lsolvent corrected energies of 4’a and 4”a (A&J, Table 2) are considerably positive [e.g. 
as 2 x 52 kJ mol-1 =:104 k.I mol-1 (at the 6-31G level) will be required for removing solvents from two Hz0 
complexes of 2’b* and the reaction 2’b + 2’b -> 4”a releases only -35 kJ mol-1 the solvent corrected energy 
(AH& of the formation of 4”a will be +69 kJ mol-l, Table 21. Therefore, one could predict that in the presence 
of a Lewis basic solvent (e.g. TlW) dimeric aggregates structurally analogous to 4’a or 4”a would hardly exist. 
They would be converted to the corresponding monomeric borane adducts which would be stabilized by the 

solvent.6c 
If the energies of formation of dimeric aggregates (4’a and 4”a, Table 2) are inspected in the light of the 

study of the formation of dimeric aggregates of oxaxaborolidinesTb one could draw a conclusion that the 
aggregation energies df borane adducts of oxazahorolidines would be more negative than those the corresponding 

oxaxaborolidines. Th ore, one could predict that adding borane to a solution of dlmeric oxaraborolidlne in a 

P non-Lewis basic solv t would strengthen the forces which keep the oxaxaborolidme moieties together. On the 

other hand, in the of borane derivatives (e.g. catecholborane) which are substantially weaker Lewis acids than 

% BH3 no significant c es in the degree of aggregation should be seen as the horane and oxaxaborolidine are 
mixed. Implications f this suggestion are not contrary to those of experimental observations of the behaviour of 

horane and catechol ane in that the catecholborane-oxaxaborolidine system has been found to work well in 

toluene at -78Y!% * 4 (i.e. no aggregation even under these extreme conditions) whereas the corresponding 

borane-oxazaboroli dl e system is known to work smoothly in THF at +23“C [i.e. the Lewis basic dvent and 
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“high” temper&me (ii this case e~tio~~vi~ decreases with decma&g ~~~} guarantee that the amount 
of~~es~u~be~~~J.1~ 

0 
H_84.660 

,0.*02 
N I 
i 

x 
14 

Figure 2. 

ab 
2’a W 64 

8'a 8% 

~;“~_yfy,P pulations (631G&-310) of the most impattaat B-N, B-G sad B-H bonds in l’a, 

m&ilsofc~ty. 
a and 8”a. Formal charges end stereochemistry (Scheme II) are not shown for 

Table 3. Charge transfe@ in oxazaborolidine coordin&ng to 2’a. 

Stmcane Charge transfeM Structure Charge transf&b 

t’a 
Sa 
d’a 
?‘a 

+O.l78c 
+0.049 
+o.oL% 
*o. 112 PP.. 

7”a +0.150 
8’a -0.041 
8”a -0.052 

a On the basis of celcuiatiorts carried out at the 6-3 IG level. b Positive values indicate 
that the coordiaatiag oxazsbo~lkiiae has lost charge (eleckoas) and negative ones that it 
has received cbar8e (eiectrans). E The chaqe the 
es the bow adduct 2’a is famed ref. 7d. 

oxazkroli&~ lnoiety donate-s to RH3 

Aggregates Consisting of one Borane and Two Oxazaborolidines 

Structares of Sa and 6% optimized at the 6-31G level are shown in Figure 3. Among all this type of 

isomeric aggregates (Sa - 8’a and 7”a - Pa) studied were 5’a and b’s the most stable ones (Table 2). Also 
the relative order of stabilities of 5’a and 6’a is Wasting for two masons. Namely, as the energy of coordiion 

of borane to a Lewis basic nitrogen can be much hightz than that of the bang oxygen analog78 one could 
predict that Sa cm&d be more stable rhan 6’a (the BH3 group of @a is bound to an oxygen and that of $‘a to a 
nkrogen of one of the oxazaborolidine moieties). On the other hand, dimerie diaxadiboretane derivatives of 

oxazaborolidines (e.g. 6’a without BH3) have been found to be more stable than the corresponding 
oxazadiboretane ones (e.g. Sa without BH3). TJ Consequently, one could also assume that the relative stability 
order of the borane adducts of the dimers could be the same as that of the dimers. Thii study reveals the energy of 
fern of 6’a to be 37 W mol-1 lower than that of S’a ~~3~~/~3~G~ Table 2). Tberefbre, the relative order 
of stabilities of borane adducts of dime&c oxazabomlidines 7b indeed appears to be the same as that of the 
any dim&c oxazabomlidii. 
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Reasons behind the high stability of Sa and 6’a could be inspected also by comparing their charge transfer 
values (Table 3), bond lengths (Fig. 3) and Mull&n overlap populations (Fig. 2) with the correspondhrg values 
of diieric oxaxaborolidit#es~ (S’a and 6’a without BHs). As the aggregates Sa and 6’a are formed the Lewis 
acidic oxaraborolidine (2’4) woutd receive electron density from its Lewis basic counterpart (l’a). Consequently, 
a positive charge will dev op in the oxazabcrolidine moiety coordinating to 2’a (Table 3). This type of conclusion 
is not without preceden e, as described in the case of the formation of formaldehyde complexes of 2’8 

t 
(formaldehyde donates e n density to 2’a).7d As the positive charge of the Lewis basic oxaxaborolidine 
moiety of 6’a is consi 

T 

ly lower than that of !?a (and much lower than those of 7’a or 7”a) the higher 
stability of 6’a could be re ed to its lower level of polarization (less charge separation). 

Figure 3. ed (63 lWf6-3 10) structures of the models of 
type of aggR?gates~(5’a, #a) consisting of one 
&me of the most Important bond lengths [A] 
lengths of systems without BH3 (ruf. 7b) are 

Comparison of bond lengths of Sa and 6’a (Fig. 3) with those of the corresponding diieric 
es) reveals that the relative changes the coordinating borane gives rise 

to in the heterocyclic sk 11s of 5’a and 6’a occur to the same dire&on (i.e. both heterocyclic skeletons react in 

the same way as borane roaches their most Lewis basic sites). This is illustrated in Scheme IV (part A). If the 

correspondii changes ulliken overlap populations of 5’a (Fig. 2, ref. 6d) are compared only significant 

changes of populations e to the B-N bonds of the ring boron of the Lewis acidic oxazaborolidme moiety 
(Scheme IV, part B, the bonds). In the case of 6’a, in addition to the same changes one more B-N bond and 
the B-O bond of th acidic oxaxaborolidine moiety are affected (Scheme IV, part B, the bold bonds). 
Therefore, the high Id be attributed also to the better ability of the skeleton of 6’a to delocaliie 

caused by the coordinating borane. 
on the basis of the results discussed above that m snalogous to 5’a snd 

6’a could form lidiis or dhners of oxaxaborolidines are treated with borane, substituents snd 
st would eventually determine whether the aggregates would be formed or 

not For example, in of conventional bicyclic CBS catalysts derived from diphenylprolhml formation of 
the cis-fused borane ad cts would be highly favoured over the ~u~~fused ones.” Futihermore, the concave 
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side of the adduct would be more-hmdered than the convex one to the other oxaxaborolidine to coordinate. 

Scheme IV 

A) Changes of bond lengths B) Changes of MulEken overlap populations 

If two CBS catalysts are tit to the aggregate Sa so that the above mentioned limitations are taken into 
account it inevitably turns out that the two catalysts must be enantiomers; i.e. aggregates structurally analogous to 
So would not be formed in mixtures of borane and the catalyst 1 present as a single enantiorner. The same 
conclusion can be drawn in the case of the aggregate @a. Therefore, -ation a&ggous to that of the 
formation of J’a or 6’a can be observed only in the mixtures of borane and enantiomers of the bicyclic CBS 
g&lysts 1. One the other hand, as the formation of Sa and 6’a would be energetically advantageous and there 
are some molecules among the known working oxaxaborolidine catalysts of which neither the topology nor ring 
substituents would clearly prevent this type of aggregation (e.g. 4-isopropyl-Wdiphenyl-1,3,2- 
oxaxaboroMine,+k 4-methyl-5-phenyl-1,3&oxazaborolidine,~ and related derivatives) it looks as if this type of 
aggregation would not seriously affect the performance of enantioselective reduction of ketones catalyzed by 1. 

Fiiure 4. 

” 7”a 

stereo sentationa 
7’a and 7 of the optimized (6-310//6_31G) structures of the a 

, consi~ of one b- and two orazaboroli~. Some o tj%zz 
important bond lengths [A] are shown. The corresponding values of 2’a and 1’0 erc 
ahown in p”nthesss. 
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L&$ar %ead-to-tail” m (7’ and 7”) 

Structures of the most simple linear aggregates (7’a and ,“a) optimized at the 6-31G level are shown in 
Figure 4. Energies of the formation of 7’9 and 7”a (Table 2) are considerably higher (more positive) than those 

of S’s or 6’a. Actually the energy of formation of the frur&r-adduct 7’a appears to be the most positive value 
(+31 kl mol-1, Table 2) 

a? 

ng those of the isomers studied. The aggregates 7’a and 7% are interesting in that 
they repmsent one of the m st simph? model of a linear chain polymer one could construct by connecting the Lewii 
acidic “head” of an activate (by anion of horane) ox~~olj~ne to the most Lewis basic “tail” of another 
oxaxaborolidme. Conseq ntly, the Lewis acidic head of the coordinated oxaxaborolidine would in turn be 
activated to bind a third X axaborolidme, and so on. Jn other words, as an oxaxaborolidine coordinates to an 
activated oxaxaborolidhre the acidity of the activated oxaxabomlidine would be transferred to the coo&rating one. 
A few evidences of this ty$e of acidity transfer can be found. For instance, the LWMG-1 orbit& of 7’a and 7”a 

consist mostly of the 2pz $nctions of the boron of the oxaxaborolidine which had the role of the Lewis basic 
counterpart (the tail) in the/formation of Ta and T’a (i.e. the basic oxaxaboro&liie became acidic). F’urthermore, 
the structurai changes e oxaraborolidine moiety are similar to those observed as SH3 coordinates to the 

bond lengthens by 0.095 f: 0,010 A and the ring B-O bond shortens by 0.032 f 
atian/polymerixation of oxaxaborolidines as well as potential utility of the 

ef note, not studied yet. 
“a are stmcturahy analogous to complexes of Lewis basic solvents and ketones 

with the borane adduct ied before (water as a model of the Lewis basic solvent and fonnaidehyde as a 
model of the ketone).~ consequence of the coo&it&on of the Lewis basic nitrogen of l’a to the acidic 
ring boron of 2’a structurhi parameters of the oxaxaborolidine moiety of 2’a change. However, not only the 
structures but also the structural changes taking place as 7’a and 7”a form are similar to those observed in the 
case of corresponding rea’$ions of water and formaldehyde. +d.7d The N-BH3 bond shortens [e.g. 0.083 A in the 

case of Freon of ?“a pig. 4) and 0.0% A in the case of the water addu&], the adjacent t%rg B-N bond 
lengthens [e.g. 0.086 A iq the case of tie formation of 7”a Fig. 4) and 0.083 A in the case of the formation 

water adduc@]. Also the distance betsveen the Lewis base and the acidic ring boron is shorter in the complex in 
which the Lewis base a$d BH3 are cis about the oxazahorolidine ring than in the corresponding trans 
arrangement [e.g. the B- 

1 

bond cotmeeting the oxaxaborolidme moieties of 7’a is 0.151 A longer than that of 
7”a (Fig. 4); in the case o the water adduct~ the corresponding difference is 0.761 A]. 

The similarity of st&tuml changes occtMng as waacr, ~~d~yde or ox~~li~~ complexes of 2’a 

form is not lhnited to the1 above described relative changes. Among the cis-coordinated complexes also bond 
lengths were found to be cqsely &Mar. The most imporfant bond lengths and the corresponding lMh.ken over@ 
populations of 1: 1 cornpI es of borane - formaldehyde,~7d borane - watc& and borane - oxaxabomlidine with 

f oxaxaborolidii are she in Table 4. 

Table 4. 
? 

most significant bond teqqhsa and Multiken over&p ~lationsb of 
1.1 complexes of borane - formaldehyde,e borane - watezd and borate I 
oxambomlidine with oxaxaborolidine (6-316/M-316). 

H BX 1.74-S (0.070) 1 .a9 (0.028j 1.712 @.002) 

* h (iogstrijms. b values ia ytarentbam. c ref 6d and 7d. d ref tic. 
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In the case of 7% and the water addtic@ of 2’a most surprising are perhaps the N-BH3 bond and its 
adjacent N-Bfing bond. Lengths of these bonds differ only by it3.002 A (Table 4). So higb Ievef of similarity 
cannot be seen in the lengths of other bonds. On the other hand, even though water and oxazabosrMhre (the 
nitrogen of I’a) are different type of L&wis bases, the B-C&o bond of the Watt addue is only 0.023 A shorter 
than the corresponding (B-N) bond of 7% (Table 4). Altogether, except the B-C&a bond which lengthens in the 

series X=oH2coI Qt.r+ Norazabomlidiner the bond lengths shown in Table 4 do not show any significant 
strncturai correiations. However, implications of the Mnitiken overlap populations are contrary to those of the 
~~es~n~g bond lengths (Table 4). Namely, the overiap ~pu~~~s, except that of the N-B,i,p bond, 
correlate with the structure. inspection of the ~pulations shown in Table 4 in the series X=C$oo, C&o, 
NOxaza~b~r,e, reveals that the values of N-BBH~ increase, those of B-O,iol: decease and the B-X values 
decrease. In other words, as the attractive namre of the N-B ups interactions increases the repulsive one of the B- 
oring and B-X iwons decreases. This behaviour looks rational in the light of the sixes of f~~d~y~, water 
and I’a in that dre highest B-X population m-responds to the l~~-~rnd~~ complex (i.e. the fo~ld~yde 
complex of 2’a) and the lowest B-X pqu&tion to the most-hindered one (i.e. 7”a). 

1.415 1.415 

8’a 8’a 

8"a 8"a 
Figure 5. Stereo representetions af the optimized (~3~G~~~3~G~ stcuchres of aggre ates 851 and 8”a 

eonsieting of the bomne adduct 2’a end mmaboro~idine f’a. The eorresp A! 
aad l’s are shown in p+srwheeaa. 

ng values of 2% 

Although the conclusion drawn above my look rational its beauty is disturbed by the discrepancy between 
the implication of bond lengths and overlap populations. How can the ligand causing more repulsion 
(ox~~ll~ne, B-X bond shorter and overlap lower, Table 4) r&de closer to the axon center than that 
causing less repulsion (Floyd, B-X bond longer and overlap higher, Table 4) ? Qbvlously, in the case of 
the formaldehyde complex of 2’a the formaldehyde moiety is bound to the catalyst mostly by the attractive 
interactions between the ring boron and the oxygen of formaldehyde and other lmemctions are less important. In 
the case of 7%, however, the Lewis basic oxaxaborolidine moiety is bound to the catalyst by other interactions 
(e.g. electrostatic ones) of which the importance is so high that they draw the Lewis basic oxaaabomlidine so close 
to the acidic one that repuisive countequuts in the B-X imemction may take over the attractive ones, Indeed, the B- 
X ~~ may become repulsive and still the oxalic moieties stay close together. l%at has happened 
in the case of 7’a; although the B-X overlap population in 7’a is -0.026 (Fig. 2) the B-X distance is stili l&53 A 
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(Fig. 4). Furthermore, if this hypothesis is true formaldehyde should not be bound to 2’a if It apptoaches the ring 
boron from the side trarr~l with respect to the BH3 group. However, this is exactly what has been observed, the 
B-On+0 distance inthe fbrmaldehy debomne tranr-complex of l’a has been found to be longer than 3 A& 

Inspection of the charge transfer values (Table 3) and dipole moments (Table 1) of 7’a (&uts contig.) and 
7”a (cis config.) in the light of properties of water complexes of 2’a studied before& reveals that the dipole 
moments of zrans compl es are in general much higher than those of the corresponding cis complexes [e.g. at 

L the 6-31 G level the mom of 7’a is 4.18 higher than that of 7”a, (Table 1); in the case of the water complexea~ 
the corresponding differ ce of is 4.66 D]. If the charge transfer values of 7’0 and 7”a are mupared with the 
dipole moments the high 

F 

arge transfer value appears to correspond to the low dipole moment and vice versa. 

Therefore, as proposed b ore,& in the case of the formation of complexes of Lewis bases with borane adducts of 
0xazaborolidines, not onli the amount of charge transferred from the Lewis basic moiety to the Lewis acidic one is 
responsible for the chang of the dipole moment and the stability of the complex being formed but also the relative 
locations taken by the ch ged groups as the complex forms.* 

If a bicyclic I oxaz rolidine catalyst derived from diphenylprolinol wouId be used instead of l’a to 

construct aggregates stru&urally analogous to 7’a or 7”a the latter aggregate would consist of borane and two 
enantiomeric oxazaboroli@es. The former aggregate woukl consist of borane and two identical enantiomers of the 
oxazaborolidine but, ho+ever, the Lewis basic oxazaborolidine moiety would be bound to the morehindered 
concave face of the acidi/: oxazaborolidme. Therefore, it would be reasonable to predict that neither aggregates 
analogous to 7’a nor thoje analogous to 7”a would be formed in mixtures of borane and single enantiomers of 
CBS catalysts derived from diphenylprolmol or other related aminoalcohols. Nevertheless, it is not clear whether 
these type of aggregates could be formed from borane and less-hindered oxazaborolidines (e.g. 4-isopropyl-S,5 
diphenyl-1,3,2-oxazaborolidine,%-k 4-methyl-5phenyl-1,3,2-oxazaborohdine,2k and related derivatives). 
Anyway, these aggregates form a new class of chiral Lewis acids of which the potential utility remains to be 
revealed 

meen bride&agg@#s (8’ and 8”) 

Energies of the formation of aggregates Wa and Pa are only slightly more positive than the corresponding 
value of 7”a. Aggregates 8’a and 8”a (Fig. 5) are interesting in that they resemble the structure of the transition 
state of hydride transfer taking place in boranc - ketone complexes of oxazaboroMines7d In the reaction 7”a -b 
8”a only 8 kI mol-1 (631G//6-31G, Table 2) would be required as the BH3 group of 7”a donates a hydride to 
the boron of the neighbc@g oxazahorolidine (Scheme V, part A). Because the hydride afftity of the boron of 
BH3 group of 8”a is not(significantIy higher (the boron has three adjacent hydrogens and one nitrogen) than that 
of the ring boron (the * has two adjacent hydrogens, one nitrogen and one oxygen) the hydride forms a bridge 
between the barons [Sch 

$_ 

V (part A) and Fig. 51. That process resembles the formation of the transition state of 

the hydride transfer (S eme V, part B). However, in the case of the hydride transfer the bridging hydrogen 
would be drawn very str$ngly by the carbonyl-end of me bridge (tbe hydride affinity of the carbonyl end is much 
higher than that of the horane one); eventually so sttongly that the borane-end of the hydride bridge “crashes”. 
Therefore, in the case of ketone-borane complexes of oxazaborolidines the hydride transfer would be a highly 
advantageous reaction 

7 

the reverse reaction (i.e. transfer of the hydride back to the horane end) would be hardly 
possible (Scheme V, p B). The same conclusion camot be drawn in the case of 8”a. 

Even though the f rmation of the hydride bridge was predicted by these calculations the hydride would not 
be necessarily bound 

e 

ally tightly to the both ends of the btidge. The bond lengths and Mulliken overlap 

populations of the B-H ridge (Figures 5 and 2) imply the hydride to be more tightly bound to me boron of the 
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s =bonangstrengthens 
w =bonInngweakens 

4 

BH3 group because the Ba~~-Hwa~ bond is shorter than the Brisg-H~ee bond (e.g. 0.095 A shorter in W’a, 
Fig. 5) and the Mulliken overlap pop&ion of BBH~-&& is considerably higher than that of the bq-H~ke 

bond (e.g. 52 % higher in the case of Pa, Fig. 2). 

Scheme V 

8”a -. \ Low hyddde affinity 

H/,-H - 
H 

Additional support to the similarity of the iogics of the formation of Pa and the transition state of the 
hydride transfer can be found if the relative changes of bond lengths and Mull&n overlap populations of the 
reactions are inspected. In Scheme V these changes a~ indicates by letters “s” (bonding strengthens) and “w” 
(bonding weakens). Comparison of these changes reveals that the same bonds change to the same direction in the 
both reactions. In the light of these observations it looks as if borane adducts of oxazaboroiidiies would have a 
general propensity to form complexes with molecules which contain polar Lewis acidic and basic centers 
connected by one bond. Due to the structure of these system they could be called as “Lewis dipoles” (one end of 
the dipole behave as a Lewis acid and the other as a base). ‘Ihe life time and further reactions of the complexes 
consisting of Lewis dipoles would obviously depend on the type of the stationary point of the hype the 
complex represents and chemical propensities of the dipoles. In this light, the CBS reduction may actually 
represent only a single case of a larger group of analogous reactions occurring in stacks of Lewis dipoles which 

form a bmembe& cyclic arrangement illustrated in Scheme VI. Under this terminology tie CBS reductionwould 

be classified as a base exchange reaction between two acidic termhW of a stack consisting of three Lewis dipoles 
(Scheme VI). Theoretically also the analogous acid exchange reaction between basic terminals should exist but 

their utility for the chhal catalysis appears to be unknown yet. Nevutheiess, some reactions of these groups, not 

yet discoveW could be of value to the dcvelopnwnt of technology of organic synthetic dxmislxy. 

Scheme VI 

A,A’andA”=Lewisaddkcenter ; B,B’andB”=Lewisbasiccenter 
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If the formation of aggregates analogous to 8’a and 8% is considered in the case of catalysts derived from 
diphenylprolinol it turns but that for the formation of analogs of 8’a would be borane and two enantiomeric 
oxaxaborolidines required whereas the formation of analogs of IPa would be possible from two molecules of a 
single enantiomer of the catalyst. However, it is difficult to predict whether the aggregates analogous to 8”a 
would form or not as the aggregation process would require bringing the C-5 diphenyl substituents close together. 
Nevertheless, if one takesinto account the conformational properties of oxaxaborolidine ring (depending on the 

case the ring can be either 

I, 

in a planar or an envelope type of conformation) the optlmixed geometry of the model 
8”a and standard bond 1) gths could be used to construct a rough model shown below (not optimized) to 
illustrate the shape of the *gate. On the basis of a study of this rough model one could predict that this type of 
aggregates could form also form borane and two molecules of CBS catalysts derived from diphenyl ptolinol or 
r&ted aminoalcohols. 

The mechanism of the hydrogen - deuterl~ exchange reported by Tlahuext and Contreras* could be as 
follows: the B-N ring bo of the Lewis basic oxaxaborolidine moiety (right one in the model above) and the 
BnB3-&idae could both eak (m the case of BDs adducts there would be a deuteride bridge instead of the hydride 
one). ln the resulting - 

+ 

iate the DHB-O group could turn around the B-O axis and as the boron of the DHB- 
0 group coordinates back the adjacent nitrogen to restore the oxaxaborolidine moiety cleaved in the first step, a 
hydride bridge could be formed instead of the original de&ride one. Effectively only the two hydrogens 
(hydrogen and deuterlum / ln the case of BD3 adducts) adjacent to the Lewis basic oxaxaborolidme moiety of the 
aggregate have changed 
adduct of the catalysts 

-F 

eir places. As the aggregate decomposes a B-deutero oxaxaborolidme and a D2BH 
- 1 be freed. Indeed, the hydrogen-deuterium exchange has taken place. Computational 

studies of these exciting catalysts continue. 

CONCLUSIONS 

Formation of ag egates consisting of two boranes and two oxaxaborolidines was predicted to be 

7 energetically favorable in,the absence of Lewis basic solvents. In the presence of Lewis basic solvents (e.g. THE) 
the aggregates were pre&cted to react with the solvent and decompose leading to the formation of solvent 
complexes of the correqponding monomeric borane adducts. Although energies of the formation of these 
aggregates were favorable even the most stable one of the aggregates was found to consist of two borane- 
oxaxaborolidine adducts’held only loosely together by electrostatic forces. ‘Ihe most stable aggregates were 
predicted to be those of “y hich the relative positions of the counterparts allow the total dipole moment of the 
aggregate to cancel as completely as possible. 

Formation of the aggregates consisting of one borane and two oxaxaborolidines was predicted to be 
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energetically favorable. The most stable isomer of the aggregates appeared to be a borane Oadduct of dimeric 
oxazabomkiine containing a diazadiboretane ring of which the formaGon was predided to be advantageous even in 
the presence of Lewis basic solventa (water as a model of the solvent). Formation of all these isomeric aggregates, 
except those analogous to Pa, was predicted to be difficult in the case of catalysts derived from diphenylprormol 
(the original CBS catalyst& and related aminoalcohols. The formation of these aggregates required either both of 
the enantiomeric forms of the catalysts to be available (in the CBS reduction the catalyst is used as a single 
enantiomer) or coofdination of one catalyst to the more-hiiered concave side of the other. 

One potential mechanism explaining why borane and oxazaborolidine can exchange hydrogens was 

introduced The key step of the mechanism was the formation of a hydrogen/deuterium bridged aggregate 
structurally analogous to 8”a. Effects of diphenyl substituents on the C-5 of the oxazaborolidine ring were 
assessed by constructing a rough model of the key intermediate. On the basis of this model the hydrogen- 
deuterium exchange was predicted to be possible also in the case of conventional CBS catalysts constructed loom 
diihenylprolinol and related aminoalcohols. 
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