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Abstract: - Properties of Lewis acidic oxazaborolidines 1 were investigated by means of ab initio MO 
methods (RHF, Ksulfonylated 1,3,2-oxazaborolidine 1’ as a model). Energies of the coordination of 
aldehydes to 1 were estimated by using formaldehyde and acrolein adducts of 1’ as models. Energies 
(MP2/6-31G//6-31G) of the coordination of formaldehyde to 1’ were -1 kJ mol-J (2’b; axial S=O) and +26 
kI mol-1 (2’a; equatorial S=O). The corresponding energies of the formation of acrolein adducts (3’a and 
3’b, both s-mans, equatorial S=O) were higher, +43 kJ mol-J (vinyl equatorial) and +54 kJ mol-J (vinyl 
axial). An s-cis conformer of 3’a was found to be unstable. 

INTRODUCTION 

The asymmetric Diels-Alder reaction catalyzed by chiral N-sulfonylated oxazaborolidine derivatives (e.g. 1) has 
been studied intensivelyl~2 since the first examples reported by Yamamoto or al 2 and Helmchen et at.*b The fast step 
of this reaction has been proposed to be the coordination of the carbonyl compound to the Lewis acidic boron of 1 
leading to the formation of 2.1f-J Probing of the structure of 2 has been attempted recently by means of ab initio MO 
(RHF) methods.3 Those studies indicate that I may behave as a bidentate complexation agent [in the case of a 
formaldehyde adduct of N-sulfonyiated oxazaborolidine (1’) the oxygen of formaldehyde was found to be bound to 
the boron of oxazaborolidine and the carbon to one of the oxygens of the Ksulfonyl g~oupl.~ 

0 

R”-CHO O\.U\R 
R = alkyl, atylalkyl 
R’ = H, alkyl 

__t wr 
t/B R” = atyl 
I 9+ R”’ = vinvl. bromavinvl, etc. 

The goal of the work described in this paper was to compare the coordination of formaldehyde and acrolein to 
N-sulfonylated oxazaborolidines and to study conformational effects related to the coordination process. 

MODELS AND COMPUTATIONAL METHODS 

Modeling techniques similar to those described in the previous reports of this series3.4 were employed. Standard 
ab initio molecular orbital calculations (RI-IF) were performed using the Gaussian 90 series of programs at the 3-21G 
and 6-31G levels.5 All the optimizations were carried out using the BERNY method.5.6 The effects of electron 
correlation were assessed on the basis of the Moller-Plesset theory. Single-point calculations were performed on the 
structures optimized at the 6-31G level (MP2/6-31G//6-31G). The structures l’, 2’a-c (boat conf.) and 3’a-c (boat 
conf.) were used as models of 1 and 2 . Properties of these models. except those of 2’a,3 appear to be not yet studied 
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HESULTS AND DISCUSSION 

In addition to 2% (axial Hs0.J reported earlier3 another conformer (2’b; equatorial Hsoz) was found to be 
stable. The optimized structure of this adduct (2’b), along with that of the catalyst model 1’, is shown in Figure 1. The 
optimized structures of the adducts (3’a and 3’b; acrolein s-truns) are presented in Figure 2. The adducts (3’~; 
acrolein s-cis) and 2’c turned out to be stable only at the 3-21G level. Results of conformational analyses of 1’ 
(energies, dipole moments. LUMO energies and the charge of the ring boron of 1’ as a function of the torsion angle H- 
S-N-B) are summarized in Figure 3. Energies and dipole moments of the optimized structures of I’, 2’a-b and 3’a-c 
are shown in Table 1 and the most important bond and torsion angle parameters in Table 2. 

1 346 1 346 
1 372 ,372 1422 ‘5’3 0 424 

2’b 2’b 
Figure I. Optimized (6-31G//6-31G) shuctyres of N-sulfonylated 1,3,2_oxazabomlidme (I’) and its formaldehyde complex (2’b) Also the 

most mqxxtant bond lengths (in A] and the comspondmg Mulliken overlap populatmns (in parentheses) are shown 

Compared with the values of 1’ the bond lengths and angles (Table 2) of 2’a - b (Fig. 1) and 3’a - b (Fig. 2) 
indicate that the B-O. B-N, N-S and S-O bonds of the catalyst moiety lengthen and the sulfonyl group turns out of the 
plane of the oxazaborolidine ring (e.g. the S-N-B-O,,,, torsion angle increases from -172.2” of 1’ to 134.3” of 2’b. 
Fig. 1) in consequence of the coordination of formaldehyde to 1’. A comparison of the related Mulliken overlap 
populations (Fig. 1 and 2) implies the changes in the electron structure of 1’ to be closely similar to those observed as 
alkoxy- or aminoboranes coordinate4,7 to a borane Kadduct of oxazaborolidine. 

The adducts 2’a and 2’b are topologically equal. -41~0 bond lengths and angles of these adducts are closely 
similar (Fig. 1, Table 2). The deviation of lengths of the S-O, 0s02-C,o and B-O,0 bonds of 2’a and 2’b is only 
0.005 A or less whereas the B-N and S-N bonds of 2’b are 0.037.0.017 A longer and the C=O and B-O,,,1 bonds 
0.009 and 0.017 A shorter than those of 2’a. In despite of these similarities, the torsion angles of 2’a and 2’b (Table 
2) vary considerably (apart from the angles related to the orientation of the formaldehyde moiety). 

The structural parameters of 3’a (bond lengths, Fig. 2; bond angles and torsion angles. Table 2) are very closely 
similar to those3 of 2’a. Basically the related parameters of 3’b are also rather similar to theses of 2’a but the B-0~0 
and C&Osoz bonds of 3’b are shorter that those3 of 2’a or 3’a (i.e. the aldehyde moiety of 3’b resides closer to the 
catalyst than that of 2’a or 3’a) and the N-S bond of 3’b is almost perpendicular (e.g. the S-N-B-O,,,, torsion angle 
of 3’b is 85’, Table 2) to the plane of N-B-O atoms of the catalyst. 
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The charge transfer values of 2’a, 2’b, 3’a and 3’b are as follows: -0.043 , -0.025, -0.047, -0.016 (6-3lG//6- 
31G). These values indicate that both formaldehyde and acrolein receive a small amount of negative charge as they 
coordinate to I’. This does not mean that the n-system of acrolein would be inactivated with respect to Diels-Alder 
reactions. However, if the change of the charge of the vinyl moiety of acrolein is calculated it turns out that the vinyl 
group gains a positive charge of 0.127 as acrolein coordinates to 1’ to form 3’a (Fig. 2). The corresponding change 
related to the formation of 3’b (Fig. 2) is slightly higher, 0.134. This indicates that the C=C bond of the acrolein 
moiety of 3’a would be considerably more polarized than that of free acrolein. Furthermore, in consequence of the 
formation of 3’a the energy of the lowest unoccupied molecular orbital decreases by 0.07 eV (free acrolein v. 3’a) and 
the negative charges of C, and Cp of the acrolein decrease by 0.044 and 0.004. In the case of 3’b the charges also 
decrease (both by 0.025) but the orbital energy slightly increases (by 0.03 eV). Altogether, in this light one could 

predict that the C=C bond of acrolein moiety of 3’a and 3’b could be more reactive (i.e. hardly less reactive) than that 
of free acrolein. 

Table 1. Total energies (EL dipole moments (D1 and complexation energies (AE).a 

Stmcture 
______- 

3-21G113-2lG 6-31Gll6-3LG MP216-31Gl16-31G 

IF Da AEb Ea Da AEfJ Ea AEb -------________________ -----------____-_______-__-________~ 
1’ -776.22526 5 13 - -780.07042 5.67 - -780.84950 - 

f:; -889.47060 -889.47817 2.48 4 54 -62 -81 -893.86877 -893.87650 4.14 2.32 26 6 -89486460 -894.87500 26 -1 
2’c 889.46106 5 01 -37 _c - _ - 
3’a -965.92834 4.09 -35 -970.72546 3.52 60 -971 89665 43 
3’b -965 92580 0 76 -28 -97072161 0 60 70 -971 89262 54 
3’c -965.93199 4 19 -44 _c - _ _ 
H2C=0 -113.22182 2 65 - -113.80837 3 04 - -114.02501 - 
rraw-Acrolein -18968988 347 - -190.67776 3 97 - -19 106348 - 
&-ACKJl& -189.68989 288 - -190.67577 3 35 - -191 06159 - ---_~ 

a Total energies (E) given in hartrees, dipole moments (D) in debyes and complexation eaerg~es (AE) 1x1 kJ mol-t b LIEof 
2’a-c relative to 1’ PIUS H$=O; AE of 3’a-c relative to 1’ plus narwacrolein C The complex was found to be unstable. 

(A $1 t: %, 

3’b 3’b 
Figure 2. Optimized (6-3lG//6-31G) structures of the acroleia adducts (3’a and 3’b) of N-sulfooylated 1,3,2-oxazaborob~ne (1’). Also 

the most mqxx+mt bond lengths [in A] and the correspondmg Mulliken overlap populations (ii parentheses) are shown 

Results of the conformational analyses of 1’ (Fig. 3) indicate that one conformer of N-sulfonylated 
oxazaborolidines would be favoured over the others [only one minimum (B, Fig. 3) was found in the case of 1’1. In 
this conformer the hydrogen adjacent to the sulfur is almost perpendicular to the plane of the ring (e.g. the torsion angle 
H-S-N-B of 1’ is -99.0”, 6-31G//6-31G. Table 2) and both the sulfonyl oxygens reside on the same side of the ring. 
However, the orientation of the sulfonyl group of 1’ (Fig. 1) does not correspond to that of the most acidic I reactive 
conformer of A (Fig. 3). Both the dipole moment and the positive charge of the ring boron increase with the increasing 
value of the torsion angle H-S-N-B of 1’ until 180” where they have a maximum (corresponding to A, Fig. 3). Also 
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one of the two minima of LUMO of 1’ resides near 180”. Unfortunately, it looks as if the catalytic performance of 
systems conformationally analogous to A had not yet been studied. The adduct 2’b (Fig. 1) could be, however, 
considered as a formaldehyde adduct of A (Fig. 3). 

Table 2. Optimized (631G//6-31G) bond and torsion an les of N-sulfonylated oxazaborolidine (1’) and its 
formaldehyde and acrolein adducts (2’a-b and 3i a-b). 

Bond angles 1’ 2’a 2’b 3’a 3’b Torsion angles 1’ 2’a 2’b 3’a 3’b 
1 

0-N-S 1267O 

N-S-O,,,, 108.8" 

N-S-Oow.,,, 1078O 
s-o-cm 
o-cccyo 
B-O-CclJ 
N-B-Om 

N-B-O,,,,, 106.9" 
CGOG() 
c-C-Cc0 
H-GOGo 

112 00 112.0" 
103 0" 106.0" 
117.0" 1209" 
113.6" 116.4" 
107 4" 108.2" 
ll82" 120.9" 
1020" 1020 
99 7" 98.0" 

112.4O 
102.4 
117.6" 
113.2" 
106.3 
119.4" 
101 8" 
99.4" 

112.6" 
125.8" 
114.6" 

105.50 
101.4" 
117.9" 
113.6" 
106.5" 
124.2" 
105.0" 
97.9" 
117.0" 
126.4" 
109.5" 

S-N-E-O,,,,, -172.2" 11290 134s 
S-N-B-0,-n - -4.5" 18.7" 
H-S-N-B-- -99.0" -57.0" 132.0" 
B-N-S-O~K~~~ 148.8" 177.5" -104.6" 
B-N-S-0,,,g 14.0" 515" 30.0" 
B-O-C-O,,, 76.6" 63.6" 
s-o-c-0~~ -7.0" 94" 
c-c-c-0~~ 
C-C-Cco-H 
c-c-c-o~~p 

121.3O 850' 
4.5" -27.6" 

-61.3" -41 4O 
173sa -168.6" 
47.2' 66.2" 
68.4" 734" 
6.6" -13.8" 

-140.6O 129 8" 
84.9" -101 2" 
-23.9" 9 3" 

The energy (AE) of formation of 2’b (-1 kJ mol-t , MP2/6-31G//6-31G, Table 1) is more advantageous than that 
of 2’a (+26 kJ mol-‘). The relative order of these energies could be rationalized on the basis the relative acidities of two 
conformers (A and B, Fig 3) of 1’. As pointed out above, 2’b (Fig. 1) represents a formaldehyde adduct of A whereas 
2’a3 represents that of B. Expecting that the coordination of formaldehyde to the more acidic conformer (A) would be 
energetically more advantageous one could predicts that the energy of formation of 2’b should be more favorable than 
that of 251. as indeed it is (Table 1). Nevertheless, this does not mean that the formation of aldehyde adducts of actual 
working catalysts (e.g. 1) conformationally analogous to 2’b would be favoured over that of those analogous to 2’a 

because the substituents of the oxazaborolidine ring would control the coordination process. 

A 
\,O 
s’ 

H’ ‘,i 
0 

C “4 S-H 

d 

Figure 3. The relatwe energies (AE, k.l mol-I), dipole moments (Dtp Mom x 10, debyes). LUMO-mnerg~es (eVJ and the charge of 
the ring boron (Q 

Yt 
x IO) of N-sulfonylated 1,3,2_oxazaborolidinr (1’) calculated at the 6-31G level as a functmn of the 

towon angle H-S- -%~other parameters reoptimized in each point) 

All the chiral N-sulfonylated oxazaborolidines known as efficient catalysts of Diels - Alder reactions are 4- 
substituted.1,2 Because of this substitution the formation of analogs of 2’b could be predicted to be less advantageous 
than expected on the basis of the relative energies of 2% and 2’b. This prediction could be best rationalized by 
inspecting the structure of 2’b (Fig. 1). If the 4-position of 2’b would be bearing a bulky group the orientation of the 
group should be rruns to the adjacent sulfonyl group (the corresponding cis configuration would be much more 
hindered). On the other hand, in the trans configuration the substituent of the sulfur (in the best catalysts a bulky aryl, 
e.g. 2.46triisopropylphenyl)t.2 would be brought (causing hindrance) close to the bulky substituent on the 4-position 
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of the oxazaborolidine ring. In contrast to that, in the case of adducts analogous to 2’a the substituent of the sulfonyl 
group and the 4-substituent would reside on the opposite sides of the oxazaborolidiie ring system. Furthermore, in the 
case of a$-enal analogs of 2’a the bulky aryl group would reside below the n-face of the enal coordinated to the 
catalysts. Therefore, the bulky aryl would also block one face of the vinyl moiety involved in the Dieb - Alder reaction 
and stabilize the a&enal coordinated to the catalyst by intromolecular wtacking interactions. This proposal is 
supported by two experimentally proven facts. The enantioselectivity of N-sulfonylated oxazaborolidines practically 
disappears2b if the N-aryl is replaced by a group not capable of x-stacking (e.g. trifluorometbyl) and the 
enantioselectivity of these catalysts increases with the increasing number of electron donating (negative Harnrnet CJ 
constants, not Lewis basic) substituents (e.g. alkyls) on the aty1.a Geometric relations of the groups involved in this 
type of n-stackmg could be assessed also in the light of a rough model built by substituting the Cposition of 3’a by i- 
propyl and the hydrogen of sulfur by 4-methylphenyl (model A, Fig. 4). 

A 

Figure 4. Models of a,~-enal (acrolein as a model) adducts of N-tosyl-4-isopropyl-l,3,2-oxazaborolidine6 (A) and N-tosyl-4-p- 
indolylmethylene-I ,3,2_oxazaborolidines @I) III the case of the adduct (A) one of the hydmgens of C-4 of 3’a was replaced 
by isopropyl wherca 111 the case of B the corresponding hydrogen of 3’b was replaced by indolylmethylene. The hydrogen 
adjacent to the sulfur was replaced by 4-methylphenyl. Standard bond lengths and angles were used to construct the 
mdolylmethyleoe, 4-methylphenyl and isopropyl moletles. The models (A and B) are not optimued. 

Another relation between x-stacking and the catalytic function of N-sulfonylated oxazaborolidines has been 
introduced earlier by Corey et al. If who proposed n-stacking to be responsible for the change of the absolute 
stereochemistry of the product of Diels - Alder reaction observed as the bulky 4-substituent of 1 (R=alkyl) was changed 
to a l3-indolylmethylene group. tf This type of a-stacking would not be possible in the case of systems analogous to 3’a 
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(the vinyl moiety in an equatorial position, Fig. 2). However. if the vinyl group of an a.&enal adduct of 1 (R=@ 
indolylmethylene) would be in an axial conformation [as in analogs of 3% (Fig. 2)] it could form a x-stack with the 4- 
@-indolylmethylene group. Geometric relations of the groups involved in this type of r-stacking could be roughly 
estimated on the basis of the model B (Fig. 4) built by substituting the 4-position of 3’b by a @-indolylmethylene group 
and the hydrogen of sulfur by 4-methylphenyl. 

Mezrhab et aL* have recently determined a crystal structure of a Jr-stacked system, the structure of rrans-2-Il- 
(2-naphthyl)-1-methylethyl]-cyclohexyl crotonate, of which the Ic-planes were found to be parallel (distances between 
the neighboring carbons of the crotonate and naphthyl groups were within the range of 3.41 - 3.99 A).* However, the 
distances between the carbons of the aromatic and vinyl n-systems in A and B (Fig. 4) appear to be similar to those 
reported by Mezrhab et aZ.8 Therefore, even though A (Fig. 4) is only a rough model it can be used to demonstrate the 
nature of the role which the aryl substituent of the N-sulfonyl group could play in processes potentially responsible for 
the high enantioselectivities observed in Diels - Alder reactions catalyzed by chiral 1. Although it is difficult to draw any 
conclusions on the relative stabilities of A and B (Fig. 4) on the basis of the present work x-staking related to the model 
B could be predicted to be more advantageous than that of A. Namely, if the isopropyl group of A is changed to fl- 
indolylmethylene the catalysts would produce a Diels - Alder adduct which is an enantiomer of that produced by the 
corresponding 4-isopropyl substituted system. * f This change of the configuration of the product could be rationalized 
on the basis of the relative energies of 3% and 3’b (AE of 3’b is 11 kJ mol-1 higher than that of 3’a; MP2/6-31G//6- 
31G, Table 1). Formation of adducts analogous to A (the vinyl group in an equatorial position) would be normally (e.g. 
in the case of 4-alkyl substituted systems) favoured but if a significantly more electron rich r-system is placed on the 
other side of the oxazaborolidine ring (e.g. the 4-substituent replaced by indolyl) the electron rich x-system could 
stabilize the otherwise less stable axial orientation of the vinyl moiety (as in the case of B, Fig. 4). Consequently, in 
systems analogous to B the n-face of the vinyl encountered by the reacting diene would be opposite to that of systems 
analogous to A. Computational studies on the properties of catalytically active chiral oxazaborolidines continue. 

CONCLUSIONS 

Adducts of acrolein to N-sulfonylated 1,3,2-oxazaborolidine were found to be structurally similar to those of the 
related adducts of formaldehyde. The double bond of an a&enal coordinated to an N-sulfonylated oxazaborolidine 
could be predicted to be more reactive than that of the corresponding free a$-enal. The results of this work compared 
with experimental findings reported in the literature indicate that the process determining the absolute stereochemistry of 
the product may involve x-stacking of the reacting a,&enal and one of the aryl substituent(s) of the catalyst. 
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