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Abstract: - Conformers of 4-coordinate adducts of carbonyl compounds and diaza-, oxaza- and
dioxaluminelidines were investigated by means of ab nitio MO methods (RHF). Formaldehyde was used as
a model of carbonyl compounds. Relative stabilities of the conformers indicate formation of syr adducts of
carbonyl compounds and aluminolidines (Cc-p and aluminolidine ring syn about the Al-O¢- bond) to be
favoured over that of the corresponding aari ones (all syn/ansi ratios higher than 99:1, 6-31G/6-31G). The
energetic preference for the formation of syn adducts of oxazaaluminolidines was about twice as high as that
of diaza- or dioxaluminelidines of which the sya/anti selectivities were found to be practically equal.

INTRODUCTION

For more than one decade, catalytic properties of boron, aluminum, zinc, litanium, rhodium, uropium etc.
containing chiral Lewis acids for a variety of asymmetric reactions have drawn the attention of those involved in the
development of asymmetric reactions in the field synthetic organic chemistry.! Also reports describing the use of
magunesium, copper and iron containing Lewis acids have been recently published.2 Many of the known catalysts could
be regarded as chelates of the above mentioned metal(oid)s with polydentate oxygen and/or nitrogen bases. Structurally
perhaps the most simple of those are derivatives of oxazaborolidines!®<- of which the mechanism of action in the
enantioselective reduction of ketones? and asymmetric Diels- Alder reactions* has been studied computationally in this
laboratory. Diazaaluminolidines 1 are structurally analogous to oxazaborolidines and are used also as efficient catalysts
in the asymmetric Diels-Alder reaction {enantioselectivities higher than 95 % can be achieved). 11
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been regarded as plausible reactive intermediates of the Diels- Alder reaction of cyclopentadiene and 3-acryloxazolidin-2-
ong or acrylate ester of (-)-menthol 't3 Determination of the 3-dimensional structure of | by means of X-ray
crystallography has revealed that 1 can exists as a head w tail dimer consisting of two AIN-8-0 sequences.2 in the
dimer the acidic aluminum is bound t¢ one of the hasic oxygens of the sulfonyl group.3 A related role of the sulfony!
uxygens has been proposed also in the case of an ab initie study on a formaidehyde complex of N-sulfonyi-[,3.2-
oxazahorolidine (one Ogay was found to coordinate to Ceog of the formaldehyde while O¢c_g was bound to the horon
of the oxazahorolidine ring).* NMR-Spectrometric studies on the complex of 3-acryloxazolidin-2-one and 1 indicate
formation of 4 mongcoordinate 1:1 adduct. 3 Orientation of the reacting counterparts was predicted to correspond best to
that of 2' (xyn crientation) > In the case of coordinarion of formaldehyde to borane adducts of oxazaborolidines (a
computational study) both ways of coordination have been predicted 1o be possible.® Furthermore, formation of the
syr adducts appeared to be enthalpically more advantageous.® As diazaaluminolidines resemble borane -
oxazaborolidines adducts in that they both have an acidic center between nitrogen/oxygen atoms in a five-membered ring
system it could be interesting to determine what these systems have in common with respect to binding Lewis bases
{e.g. carbony| compounds).

In addition to diazaaluminolidines (1), other related systems which could be best regarded as oxazaaluminolidines
have been reparted by Sartor ¢ ¢l o catalyze asymmetric Dicls-Alder reactions (aluminolidines not characterized but
proposed as catalysts generated in siu). Enantioselective reductions of ketones by using boran and aluminum
containing catalysts (prepared from chiral aminoaleohols and HyB ar HyAl have been reported by liseno er of B
However, in both of these cases the performance of the aluminum-based systems was found to be clearly inferior to that
of the corresponding boron-based ones.”-¥ The lower catalytic performance of aluminum chelates might be attributable
t0 the propensity of trigonal aluminum alkoxides and amides to form aggregates” containing 4-coordinate tetrahedral
and/or 6-coordinate octahedral aluminum centers (ope aggregate may contain several metals centers of different
coordination states). 1017 Aggregates, or systems serving as models of aggregates, containing S-coordinare (trigonal-
bipyramidal and square pyramidal)’® and 7-coordinate (pentagonal-bipyramidal!* aluminum are aiso knowu.
Furthermore, formation of aggregates of aluminum containing chelates may not always emanate only from propensities
of alumirum but aggregates can be bound, for example, hy hydrogen bonds. *

The propertics of some rather simple aluminum containing systems (e.g. AtHy and its adducts to Lewis bases)
have been tately studied also by means of ab inirio and refated theoretical methods. 16 However, although chemistry of
alymiman has been extensively studied there are cases in which experimental confirmation of fundamentai structural
information relfated to aluminum complexes has not been achieved untif very recently. For example, structural
characterization of alkylalumoxanes by Mason, Smith, Bott, and Barron; 17 determination of structures of ATH; adducts
of common solvents (e.g. tetrahydrofuran by Gorrell, Hitchcock. and Smith);'® and coordination of two or more Lewis
acids to a carbonyl oxygen at the same time [two Al-Q bonds simultangously to an oxygen of ketone as reported by
Sharma, Simard and Wuest,’% and two, or even four, Hg-O¢—p bonds (to the oxygen of dimethylformamidej at once
as discovered by Simard, Vaugeois and Wuest!?]. Nevertheless, although significant progress has been made on the
advanced level of understanding aluminum chemisiry, these works do net throw muach light on the field of
aluminaclidines.

Atthough the chemical literature discussed above clearly indicates that varioos aluminum complexes containing
diaza-, oxaza- and dioxaluminolidine systems {(some of which already have shown caralytic activity®) development of
catalytic applications of aluminum chelates related to the preparation of fine chemicals is still on its eurly stage. Except
for the pioneering work of Corey ¢r al.,> the rational basis for predicting orientational selectivities of the coordination
of Lewis bases 10 aluminolidines (e.g. svfanti selectivity in the case of 2 and 2'), as well as the role of higher
coordination states in the catalvtic function of aluminolidines, is still unreveated. Understanding the factors which
control the coordination process may help one to develop new and better enantioselective catalysts of which the activity
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is based on the Lewis acidic aluminum centers. Therefore, the aim of this work was to compare properties of syn and
anti adducts of carbonyl compounds to diaza-, pxaza- and dioxaluminolidines (systems configurationally analogous to
2 and 2'). As it could be rational to predict trigonal 3-coordinate aluminum chelates to be more acidic than the 4-, 5- or
6-coordinate analogs, carbonyt adducts of the 3-coordinate chelates would be the most rational starting point for studies
on the coordination of carbonyl compounds to Lewis acidic aluminolidine type of catalysts.

MODELS AND COMPUTATIONAL METHODS

Standard ab initio MO calculations (RHF) were carried out by using the Gaussian 90 series of programs at the 3-
216G, 6-31G and 6-31G* levels.20 Modelling techniques similar to those applied in the case of previous reports of this
series were employed.34 Adducts 3 - 5and 3' - 5 of formaldehyde to diazaaluminolidine, oxazaaluminolidine and
dioxatuminolidine were used as models of ketone/aldehyde adducts of aluminolidines. In adducts 3 - 5 configuration of
the formaldehyde moiety is anti with respect to the aluminolidine ring whereas the configuration of 3' - §' is syn. As
involvement of polarization functions would have given rise to highly demanding calculations adducts 3 - § and 3' - §'
were studied at the 3-21G and 6-31G levels only, Importance of the polarization functions was determined by studying
a retated water adduct (6) at the 3-21G, 6-31G and 6-31G* levels. Symmetry (Cg) was used in the case of adducts 3,
3, 5, 5 and 6. The torsion angle H-Al-Q;-Cop of 4 was fixed to 0° in order to prevent the carbonyl motety from
tumbling around the Al-O axis, Apart from one preliminary report2! no other calculations on 3 - 5, 3" - §' or 6 appear
1o have been published.
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RESULTS AND DISCUSSION

Total energies, dipole moments, Al-0 and C=0 bond lengths, Al-O-C bond angles and charge transfer values of
the optimized structures of 3 - 6 and 3' - §' are presented in Table 1. The optimized (6-31G/#6-31G) structures of 3
and 3 are shown in Figure |, 4 and 4 in Figure 2, and 5§ and §' in Figure 3. The optimized structure (6-31G*//6-
31G*) of 6 is shown in Figure 4. The LUMO energies and degrees of hybridization of aluminum and nitrogen centers
of 3 -6, 3 - 5" are presented in Table 2 and the relative energies of conformers in Table 3. As in the case of water -
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borane adducts of aminaborane?? i( again turned out to be difficuit to find a minimum for the gari configuration of the
corresponding adduct (6) of diazaaluminolidine 23

Characterization of aluminwm centery

The coordination chemisiry of aluminum in tetrahedral environments of adducts 3 - 8 and 3' - 5' could be
characterized by reference to the Al-0 and Al-N bond lengths and angles (Figures 1-3) and the degrees of hybridization
of aluminum and its adjacent nitrogens presented in Table 2. One of the first conclusions to he drawn when inspecting
the structural paramelers of these adducts is related to the tight binding of all ligands of aluminum. In contrast to the
corresponding formaldehyde - exazaborolidine complexes, 22 the oxygen of the formaldehyde moiety is clearly bound to
the aluminum in all 3 - 5 and 3' - §° |all Al-O¢q bond lengths in the range of 2.033 £ 0.051 A, 6-31G/6-31G,
Figures 1-3]. Also the sp? degrees of hybridization of nitrogens are very high in all 3 - 5 and 3' - §' [all sp/sp(N)
values in the range of 96.5 - 99.7 %, 6-31G/16-31G, Table 2]. This result is well consistent with that of another related
study on the dimer of 1 which comtains two 4-coordinate aluminum centers.32 The nitrogen centers of the dimer have
been found to be highly sp? hybridized.3® Lengths of all the AI-N bonds of 3 - § and 3' - §' are closely similar (all
within the range of 1.810 1 0.009 A, Figures 1-2) as arc those of the Al-Opy, bonds of 4, 5 and 5" (all within the range
of 1.765 £ 0.008 A, Figures 2-3). The Al-Opy, bond of 4' (1.794 AL Figure 2) is, however, clearly longer.

Table 1. Total energies (F), dipote moments (D) and the most important bond lengths (r), bond angles {¢) and the
charge transfer values of formaldehyde () of the aptimized structures of 3 - 6, 3' - §'ab

Structure? I21GH3-21G 6-31G1i6-21G

E? D2 raro ) me0? AAL0-C ) QHCON E D A0 TIC-0) ALOCuyr (HLCO)
3 54155442 6.2/ 2000 1220 13L0 40149 -544.317982 619 2084 1219 1310 ~0.094
I 54156063 5.22 1.981 1.223 1216 40145 -S44.38508 S 41 2060 1221 1238 10.098
44 56130201 674 1965 1220 1328 +0.154 56422338 682 2032 1219 1314 -0.100
4 56131561 490 1954 1229 1230 +0.136 -564.23417 470 2012 1226 1255 0087
§  -581.04482 705 1940 1271 1350 +0.158 -584.06095 718§ 1999 1220 1358 ~0.103
8 -38105057 574 1928 225 1240 +0.154 S84.06615 S8C 1982 1223 (278 -0.108
6 ¢ 50391988 394 10954 - - 0.170 -506.56985 418 2076 : - nost

# Total energies (E) given in hartrees, dipole moments (D) in debyes, lengths of the Al-Q__ hands in angstroms and ALO,,-C,,, angles in

0 o
degress. P C, symmetry was used except in the case of 4 and 4°. € Pasitive charge of HyC=0. & Torsion angie H-Al-Oy-Cop 0f 3 fixed to
07 € Values reluted ta water given in place of those of formaldehyde P The corresponding 6-3 1G*/6-31G* values are: B =-506.67826, D =
261, MALOy~q) = 2.054; Q,0) = -0.137

The degrees of sp? hybridization of aluminum centers of 3 - § and 3’ - 5' are lower than those of nitrogens |alf
sp2/sp{Al) values in the range of 61.1 - 70.3 %, 6-31G//6-31G, Table 2]. Interestingly, the spX/sp3(Al) values are the
higher the more nitrogens are bound to aluminum {e.g. values of 3 and 3' are higher than those of 4 and 4', which in
tuyrn are higher than those of § and §', Table 2]. The rational basis of this serial change could be found by taking into
account the nature of the neighbours of aluminum atoms. Namely, the more an aluminum atom would have sp?
hybridized neighbours able to donate m-clectrons the more sp? hybridized the aluminum would also be; i.c. the more 71-
resonating |AI-N <-> AI'=N"*] neighbours the higher sp2 degree of aluminum. Nevertheless, impartance of the -
resonance could be predicted to be lower in the case of aluminum than in the case of boron hecause, in contrast to
aluminofidines, oxazaborolidines cannot bind?2 formaldehyde. The n-resonance |B-N <-> B'=N"| deactivates the ring
boron of oxazaborolidines 22
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The considerably high degree of sp® hyhridization of the aluminum centers indicates that the centers are still
acidic. That prediction is supported by the high dipole moments (Table 1} and low LUMO energies (Table 2) of the
adducts 3 - 5 and 3' - §'. The dipole moments are clearly higher than those of borane - oxazaborolidine adducts22
capable 10 bind Lewis bases {e.g. at the 6-31G level moments of formaldehyde - aluminolidine adducts are all in the
range of 4.70 - 7.18 I, (Table 1) whereas the moment of borane adduct of 1,3,2-oxazaborolidine?? is 4.89 D]. Also the
LUMO energies of formaldehyde - aluminolidine adducts are much lower than those of borane - oxazaborolidine
adducts?4 [e.g. the highest LUMO energy of the formaldehyde - aluminolidine adducts is 1.82 eV (5, 6-31G/i6-31G,
Table 2) whereas the LUMO energy of borane adduct of 1,3,2-oxazaborolidine?? is 4.06 eV]. Intercstingly, the LUMO
energy of the water adduct (6) is much higher than that of any of the formaldehyde adducts (Table 2). Therefore, the
water adduct (6} should be clearly less Lewis acidic than the formaldehyde adducts (3 - 5 and 3' - 5'). However,
preliminary studies on the coordination of one more water to the aluminum of § reveal that the aluminum is still Lewis
acidic (studies indicate coordination two waters to diazaaluminolidine to be possible). Consequently, one could predict
that the formaldehyde adducts {3 - 3 and 3' - §') would be highly Lewis acidic and that the adducts would form 5- or
perhaps even 6-coordinate adducts with 1.ewis basic solvents or aggregate in the absence of such solvents, This implies
isolation and experimental studies on these formaldehyde adducts 1o be hardly possible under normat conditions.

Table 2. LUMO energies® and degrees of hybridization® of aluminum
and nitrogen centers of aluminolidines 3 - 6, 3" - §'.

Structure ELumo SPZ/SPE(N) sp2/5p3(Al)
3 +1.63 99.4 69.0

3 +1.82 96.5 70.3

4 +1.30 99.4 65.5

4’ +1.66 997 62.3

3 +0.97 - 62.0

5 115 - 61.1

6 +3.77 95.9 693
66—]1(]*”63]6* ~1.0% 0 747

A LUMO encrgies (6-31G//6-31G) given ineV. b The spzlsp3 values (6-31G//6-31G)
given in percentages are calculated by summing the three angles of the trigonal center and
converting the sum to the relative scale between the fully planur (360°; correspongs to
100 % of sp?isp®) and the fully tetrahedral (328.4°; corresponds to 0 % of sp>/sp)
syslems.

The lengths of Al-N and Al-Q,, bonds of 3 - Sand 3’ - §" are similar to those of other diazaaluminolidine
analogs or related compounds (some of which are shown in Scheme 1) comtaining 4-coordinate aluminum ceniers
reporied in the literature. For example, on the basis of an X-ray crystallographic study on a system of aluminum
phenoxides bound to a ketocarbonyl (an intramelecular adduct of two aluminum phenoxides to oxygen of a ketone} Al-
Ophenoxice bonds have been found 10 be about 1.78 A long (structure A, Scheme 1).19 The lengths of AI-N bonds of
the diazaaluminolidine radical (B, Scheme I) of which the aluminum is partially sp? hybridized [sp2/sp? (Al} = 54.1 %)]
are in the range of 1.813 - 1.839 A 102 In the case of the intramolecular amine adduct of dichloroamino aluminum
derivative {C, Scheme 1), the Al-N bonds are somewhat shorter and the degree of sp? hybridization {sp2/sp3 (Al) =
56.0 %} slightly higher than the comresponding values of B (presumably the aluminum of C is more Lewis acidic and
sterically less hindered than that of B). The lengths of Al-O¢g bonds of 3 - 5 and 3' - 5 are all in the range of 2.033 £
0.051 A (Figures 1-3). The bonds are somewhat longer than those of A (1.96 A, Scheme I) or the Al-O¢q bond of
benzophenane complex of aluminum phenoxide. 10k
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Bond and 3
torsion angles

N-Al-N 93.0°
N-AO¢ 107.2¢
H-N-C-C 175.8°
Al-N-C-C 2.8
H-ALN-C 150.87
H-Al-N-H 72
Bond and 3
torsion angles

N-Al-N 81.0°
N-Al-Ogo 106.8°
H-N-C-C 173.8°
Al-N-C-C 4.4
H-ALN-C 142.0°
H-Al-N-H 5.0

Figure L. Stereo representations of the optimized (6-31G//6-31G) structures ot formaldehyde -
diazaaluminolidine qnri and syn adducts (3 and 3"). Some of the most important bond
lengths [in A] and angles, as also Mulliken overlap populations (in parentheses). are shown.
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The N-Ail-N bond angles of adducts 3 and 3' are 93.0° and 91.0° (Figure 1). These values are similar to those of
the diazaaluminolidine rings of B (86.7° and 92.4°10¢ and C (91.3%) 8 {Scheme 1. Values of the N-Al-Opy, and Op,-
AFOpy, angles are also practically in the same range (i.e. 91.5 £ 1.5°, Figures 2 - 3). Altogether, in the light of tengths
of Al-N and Al-O bonds of several 4-coordinate aluminum complexes determined by X-ray crystallography 10-11 the
structural parameters of models 3 - § and 3' - 5§ are clearly in the range of values typicai 10 this class of structures,

The lengths of AN ¢(1.810 £ 6009 A, 6-31GHE-31G. Figures 1-2) bonds of 3 - 4 and 3" - 4' are also near the
fength of AN bond of aminoalane'® (HyAI-NHy ALN = 1771 A, 6-31G*#6-31G) and that of tris-(dimethyl-
aminojalane ok [(Me,N)zAL AN = 1778 A, STO-3G (partial optimization)]. These Al-N bonds are considerably
shorter than that of the zlane adduct of HyN16e (HyALNHL, AN = 2,005 A, 6- 1 GR/6-31G) or aluminum trichtoride
adduet of HyNI (CLANHy. ALY = 2025 A, 631G7/6-31G%). The lengths of ALO, . (1765 £ 0.008 &, 6
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31GH6-31G) and Al-Ogg (2.033 £0.051, 6-31G//6-31G) bonds of models 3 - § and 3' - 5" are somewhat longer than
AL-O bonds of hydroxy- and methoxyalane!é¢ (H,Al-OH and HyAl-OCH3, Al-O = 1.665 and 1.649 A, 3-31G*/3-
31G*) and 4-coordinate phosphine adducts of hydroxy- and methoxyalane!6¢ (Al-O = 1.690 and 1.665 A, 3-31G*//3-
31G*). The lengths of Al-Ogq (2.033 +0.051) and C=0y) (1.222  0.004, Figures 1-3) bonds of models 3 - § and
3' - 8 are closely similar to those of the alane - formaldehyde adduct!¢8 (H3Al#O=CHj, Al-Ocp = 2.046 A and
C=0p = 1.119 A, 6-31G*//6-31G*), Al* adduct of formaldehyde!! (HyC=0-Al", Al-Ogq = 1.928 A and C=0y =
1.234 A, 3-21G//3-21G) and formaldehyde - aluminum trichloride adduct!®® (ClyAl*O=CH,, Al-O¢gg =1.947 Aand
C=0,,=1205 A, 6-31G*//6-31G*). Therefore, also in the light of the comparison of lengths of Al-N and Al-O bends
of modcls 3 - 5 and 3' - 5' with those of 4-coordinate aluminum compiexes studied earlier by computational methods!6
the structural parameters of models 3 - § and 3’ - §' are clearly in the range of values typical to atkoxy- and
aminoalanes.

Band and a4
torslon angles
1.219
N-Al-Orpg 92.7" {0.704)
N-Al-Oco 110.8° )
0-AlO¢o 101.0°
H-N-C-C 157.8°
ALN-C-C 25.4°
H-ALN-C 155.5°
H-Al-N-H 28.4°
N-G-C-O 3z.0°
N-AlLO-C 8.7°
Bond and 4
torsion angles
N‘AI'Omg 91.0°
N-Al-Ogo 112.7°
O-Al-0co 90.4°
H-N-C-C 158.4°
Al-N-C-C -23.7°
H-Al-N-C 150.7°
H-Al-N-H 31.8°
N-C-C-O 345°
N-ALO-C 14.5°

Figure 2. Stereo representations of the optimized (6-31G/16-31G) structures of formaldehyde -
oxazaalumipolidine anri and syn adducts (4 and 4'). Some of the most important bond
lengths |in A] and angles, as also Mulliken overlap populations (in parentheses), are shown.

Table 3. Relative energies of anti (3 - 5) and syn (3' - §') adducts.?

321G 6-31G

Structures Eunti/ Esya® Eynii / Egyr?
Iy Q/-163 Q/-138
4/4 0/-334 0/-284
§/5 Q/-15.1 0/-138

& Energies given in kJ mol L. b Energies of syn adducts relative to energies of anfi
adducts. Bnergies of the anif adducts set to zero
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Comparison of syn and anti adducts of formaldehyde 1o aluminolidines

A comparison of structural parameters of free formaldehyde and those of adducts 3 - 3 and 3 - 5 (Figures 1-3)
reveals that the C=0 band of formaldehydes lengthens as the carbony! oxygen coordirates to aluminum, The length of
the C=0 bond of free formaldehyde is 1.210 A (6-31G//6-31G) whereas the corresponding valuss of 3 - Sand 3' - &
are in the range of 1.222 £ 0.004 (Figures 1-3) Interestingly, the lengths of C=0 bonds of 3 - 5§ and 3" - §* are
closely similar to those of formaldehyde - borane complexes of oxazaborolidines? je.g. in the formaldehyde - boranc
adduct of 1,3.2-oxazaboroliding® the C=0 (syx to the oxazaborolidine ring) bond is 1.220 A long, 6-31G/H#6-31G]. On
the other hand, the C=() bonds of 3 - 5 and 3' - §' are shorter than the C=0 hond of a formaldehyde adduct of N-
sulfonylated 1.3.2-oxazaborolidine? (1.355 A, 6-31G#6-31G). Tn this light one could predict that C=0 of a carbony!
compound bound to the aluminum of a diaza-, oxaza-, or dioxaluminolidine system would be activated as much as that
bound to thre ring boron of a borane - cxazaborolidine addeict.

Bond and 5
forsion angles
Omg-A-Omg 93.0°
Opag ALOgo 105.0°
H-ALOC 146.0°
ALO-C-O 1.5°
C-Oyng-Al-Oing .00
5 b
i.223
Bond and 5 (0.662)
torsion angles
Omg'm'omg 90.7° 4 y
Omy-At-Oc 99.5” ‘ & F 1982
H-A-O-C 133.9° 0.116)
Al-O-C-C 7.3¢ h
C-Cupng-Al-Ohny -9.8°

(0.450)

5!

Figure 3. Stereo representations of the optimized (6-31G//6-31G) structures of formaldehyde -
dioxaluminolidine anii and syn adducts (5 and 57). Some of the most important bond lengths
[in A] and angles, as also Mulliken overlap populations {in parentheses), are shown.

A comparison of structural parameters of anfi adducts (3 - 5) with those of sy ones (3’ - §') reveals that the
syn coordinated formaldechydes are more tightly bound to aluminum than the anfi coordinated ones. The Al-Og¢q
bonds of anti adducts (3 - §) are 0.024 . 0.020 and 0.017 A tonger and the corresponding Mulliken overlap
populations 0.056, 0.048 and 0.050 lower than those of the syn adducts {3' - §', Figures 1-3). A similar observation
has been made in the case of formaldehyde - borane adducts of oxazaborolidines; formaldehyde vyn o the
oxazaborolidine ring about the B-O¢¢, bond was found to be mors tightly bound than the corresponding anri one (e g.
the Mulliken B-Ogq overlap population of a formaldehyde - borane vya adduct of an oxazaborolidine system derived
from prolinol was (.122 whereas that of the corresponding wari adduct was only 0.070).3



Quantum chemical modeling of chiral catalysis—XIV 2525

As formaldehyde coordinates to diaza-, oxaza- or dioxatuminolidine to form adducts 3 - 5 and 3' - 5' it donates
electron density to the aluminolidine system [Q(H,CQO) values, Table 1]. The positive charge gained by formaidehyde
does not vary much |al} charge transfer values in the range of (L.094 - 0.108 (6-31G//6-31G, Table 1)}. Interestingly,
the positive charges of formaldehyde meieties of diaza- and dioxaluminolidine syn adducts (3' and §') are slightly
higher than those of the corresponding anri adducts (3 and 5) whereas the relative order of these values is opposite in
the case of oxazaaluminolidine adducts (4 and 4'). Comparison of the charge transfer values of 3- 5and 3’ - 5' with
those of formaldehyde - borane adducts of oxazaborolidines3 reveals that the values of oxazaborolidine adducts are
considerably higher than those of aluminolidine systems [e.g. inspected at the 6-31G level the charge transfer values of
formaldchyde - borane syn and anti adducts of 1,3,2-0xazaborolidine? are in the range of 0,122 - (.156 whereas those
of oxazaaluminolidine adducts (4 and 4') are near 0,109, Table 1]. This indicates that C=0 of a carbonyl compound
coordinating to a borane adduct of oxazaborolidine could be activated more than that coordinating to an aluminolidine.
This prediction is different from that presented on the basis of the comparison of bond lengths discussed above (both of
these coordination processes were predicted to activate the coordinating carbonyl by about the same amount).

As the charge transfer values and lengths of the C=0 bonds (1.222 £ 0.004 A, Figures 1-3) of adducts 3 - S and
3' - 5' are closely similar one could predict that also the related Mulliken overlap populations of the C=0 bonds would
be similar. However, that is not the case. Namely, Mulliken C=0 overlaps of anti adducts 3 - § are considerably
higher than those of syn adducts 3' - 5’ (e.g. C=0 overlap of 3 is 0.714 whereas that of 3' is 0.670). This implies
mare Light binding / less activation of C=0 of the carbony! compound bound anti to an aluminolidine system (the looser
the C=0 bond the more active the carbonyl, and vice versa). The formation of syn adducts is also considerably more
enthalpically advantageous than that of anri adducts (relative energies of all adducts correspond to syn/anti ratios
higher than 99:1, 6-31G/6-31G, Table 3). Furthermore, the energetic preference of the formation of syn adducts of
oxazaaluminglidines could be predicted to be twice as high as that of diaza- and dioxaluminolidines (Table 3).

Although the C=0 overlaps of syn adducts were lower than those of anri ones differences of overlaps between
the qnrifsyn pairs 3/3', 4/ 4', 5§/ §', are 0.044, 0.042 and 0.042 (i.e. the differences are almost equal). It looks as
if the relative differences of C=0 overlaps between syr and anti adducts would not depend on the nature of the
aluminolidine system the carbonyl is bound to, Thercfore, if better syn/anti selectivities would be observed in the case
of reactions involving oxazaaluminolidines than in the case of related reactions of diaza- or dioxaluminolidines that
would not emanate from the higher difference of activation of the syr and aati bound C=0 groups of the adducts but
be related to energetics.

A comparison of Al-Qpq-Crq bond angles of syn adducts (3, 4' and ") with those of the corresponding anti
ones (3, 4 and 5) reveats that the angles of syn adducts are closer to 120° (all between 123.5° - 127.8°, Table 1) than
those of the anri adducts (all between 131.0° - 135.8°, Table 1). This result is somewhat surprising because one could
have predicted the angles of tess sterically crowded anri systems to be closer to 120° than those of the more crowded
syn ones. On the other hand, the same relative order of bond angles of syn and anari adducts has been observed alsc in
the case of formaldehyde - berane adducts of 1,3,2-oxazaborolidine. The B-Opg-Ceo bond angle of the syn adduct
(HyC=0 syr to the oxazahorntidine about the B-O¢( hond) was 123.9° whereas that of the corresponding anzi adduct
was 126.2° (6-31G#6-31G).3

The Al-O¢q-Ceo bond angles increase in the series of 3 -> 4 -> 5 and 3' -> 4' -> §'. 11 looks as if changing
heteroatoms of the diazaaluminolidine ring to oxygens would broaden the Al-O¢-Cp angle. At first glance the Al-
Oca-Ceqg bond angle of § (135.8°, 6-31G//6-31G, Table 1) might took too obtuse already. However, even mare
obtuse angles have been observed in the case of aluminum aryloxides (A-0-C,y in the range of 140° - 164°),16¢
Furthermore, as compared with the Al-Opg-Ceg angle (132.4°, 6-31G*/16-31G*) of aluminum trichloride -
formaldehyde adduct!® the Al-O¢q-Cog angles of 3 - 5 and 3' - 5' are not particularly large.
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Warer - diczauliuninolidine adduce (6)

The optimized structure (6-31G*/6-31G*) of the water - diazaaluminolidine adduct (6) is shawn in Figurc 4.
Orientation of the water moiety of 6 corresponds to that of the formaldehyde xva adduct 3' (the fone pair of oxygen
anti to the aluminolidine ring). Despite several attempts no optimum was found for the corresponding anri adduet of
water.23 Similar behaviour of water coordinated to a borane adduct of aminoborane has been observed earlier.2? The

preference of the vya confarmation could be rationalized as shown in Scheme IT.

Scheme 11

vl )

N N
N, Ny
. A

A H .
Qj \ Hh}o" AN
H/\H

: B

(anti). unstable (svm), stable
H
H O st
~ g- - a-
H—C BH, 0 BH;
1 i)
B :3 N/G + — ;a N/G . {ref. 223

H :, QH H - \“H

H H H H
(aniri), unstable {xyn}, stable

In the case of the anti conformation of 6 (A, Scheme 1y the free electron pair of water (or ether, ketone etc.)
would be placed close to the lone pairs of ring nifrogens. In other woeds, in the case of the syn adduct basic
counterparty of the adduct are taken as far from one another as possible (fow repulsion) whereas in the case of the anti
adducts basic sites reside close together (high repulsion). In the borane - water adduct of aminoborane the free electron
pair of axygen of the ami conformation (B, Scheme 1) is orienied towards the negatively charged H3B group (high
repulsion) whereas in the sya conformation the free electron pair points away from the HaB group (tow repulsion). As
the free electron pair of formaldehyde of the anyf adducts 3 - 5 wonld point towards the free eleciron pairs of the ring
nitrogens las does the lone pair in the water - diazaaluminoiidine gnri adduct (A, Scheme T1)] the same repuisive
destabilizing interaction could play a role also in the case of the formaldehyde adducts. Indeed, wari adducts are (3 - 5)
less stable than the corresponding ~xyr ones (3" - 5}, Table 3.

A comparison of bond lengths of the water - diazaaluminolidine adduct {6, Figure 4) with those of the
corresponding formaldehyde analog (3') indicates that an sp? hybridized oxygen could coordinate somewhat tighter to
aluminolidines than an sp? hybridized one. The Al-( bond of 6 (2.026 A, 6-31GI6-31G, Figure 4] is 0.034 A shorter
than that of 3' (Figure 1). On the ather hand, the Mulliken Al-O overlap of 6 (0.080, 6-31G#8-31G, Figure 4) is lower
than that of 3' (0.118, Figure 1) but the charge transfer value of the water moiety of 6 is, however, only 0.007 units
higher than that of formaldehyde of 3 {6-31G//6-31G, Table 1). The N-Al-O bond angles of 3' {100.9°, Figure 1} and
6 (99.6°, Figure 4) are clogely similar, as are the hybridization degrees of the ring Al and N atoms (values of Al
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differ only by 0.6 % and those of N by 1 %, Table 2). The energy of formation of 6 is 20 kJ mol-! more negative than
that of its formaldehyde anatog (3', 6-31G//6-31G, Table 1). This indicates that the formation of complexes of Lewis
basic ethers and diazaaluminolidines would be enthalpically more advantageous than that of carbony! compounds.
Consequently, aluminolidines could be predicted to be most acidic in noncoordinating solvents (not surprisingly,
reactions catalyzed by diazaaluminolidines are normally run in CH;Cl).5/7

On the relative performance of 3-21G, 6-31G and 6-31G* basix sets

On the basis of the comparison of structural parameters of 3' and 6 discussed above cne could conclude that 3'
and 6 are rather close relatives in the group of adducts of diazaaluminolidines and Lewis basic oxygen containing
compounds, Therefore, a comparison of structural parameters of & optimized at the 6-31G level with those optimized at
the 6-31G* level would reveal whether inclusion of polartzation functions would be necessary for a study on the relative
properties of these closely analogous compounds. As shown in Figure 4 the lengths of AI-N and Al-Q bonds of 6 do
not change much in consequence of inclusion the polarization functions. The Al-N bond shortens by 0.007 A whereas
the Al-O bond lengthens by (0.029 A. However, as the A0 bond lengthens also the degrees of hybridization of the ring
Al and N atoms should change. This is indeed what is observed to take place. The spZ/sp? (Al) value increases by 5.4
% whereas that of N decreases by 13 % (Table 2).

Bond and 6
torsion angles

N-Al-N 93.2° (9299
N-Al-Opz0 96.9° (99.6°)
H-N-C-C 162.8° (168.2°%)
Al-N-C-C 58° (-0.5%
H-Al-N-C 142.4° (148.0%)
H-Al-N-H -9.3° (-18.0%

Figure 4. Stereo representation of the optimized (6-31G*//6-31G*) strycture of diazaaluminolidine -
water adduct (6). Some of the most important bond lengths [in A] and angles, as also Mulliken
overlap populations (in parentheses below bond lengths), are shown. The Al-N and Al-O bend
lengths of 6 optimized at the 6-31G level were 1.815 {overlap 0.518) and 2.026 A (overlap
.080). The bond and torsion angles optimized at the 6-31G level are shown in parentheses
(right coluimn).

A comparison of properties calculated at the 6-31G level with those obtained at the 3-21G level could be useful
too. Namely, the changes of structural parameters of 6 in consequence of inclusion of potarization functions are less
significant that those observed in consequence of moving from the 3-21G basis to the 6-31G one. For example, lengths
of Al-Ogg bonds calculated at the 3-21G tevel (Table 1) are 0.06910.015 A shorter than those calculated at the 6-31G
level. The rationale of inspection of relative differences of properties on the basis of resulls provided with no inclusion
of polartzation functions could be illustrated also by comparing the relative energies of synfanti pairs shown in Table 3
or the charge transfer values shown in Table 1. The relative energies obtained at the 3-21G level are not much different
from those provided at the 6-31G level [the largest difference of 3-21G and 6-31G energies is only 5 kJ mol-! (in the
case of 4/4'), Table 3.

The charge transfer values calculated on the basis of results provided at 3-21G level are higher than those
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provided at the 6-31G tevel (Table 1). However, if the difference of charge transfer values of each pair (3/3', 4/4" and
8/58") is determined (0.004, 0.018. 0.004 at the 3-21G level and 0.004, 0.003, 0.005 at the 6-31G levet, Table 1) it
turns out that the differences are closely similar. Again, conclusions similar to those discussed above can be drawn; ie.
the relative values are not sensitive (o the selection basis sets. Although this does not mean that stabilities of Lawis acid -
base adducts would not be sensitive to the selection basis sets (some complexes of which the stationary point has been
found when studied at the 3-21G level have turned out to be unstable when studied at the 4-31G or 6-31G levels or with
inclusion of polarization functions)?5 problems with predicting stabilities arise only in the cases in which the systems
inspected are very weakly bound; ie. in the case of systems which couid be regarded as labile, borderline cases.
Adducts of carbonyl compounds to aluminolidines do not belong to the class of weakly bound systems,

Altogether. none of the results of the comparison of performance of basis sets would give rise to changes in any
of the conclusions drawn above on the basis of comparisons of relative properties of adducts 3 - S and 3' - &
determined with no inclusion of polarization functions. Computational studies on aluminolidines and related catalysts
continue.

CONCLUSIONS

All results of this study indicated the formation of syn adducts of alwmninolidines and carbony! compounds (as
those of ethers and refated Lewis bases) to be favoured over that of the corresponding unti ones (Cog syafonii o the
atuminolidine moiety about the Al-Ogp bond). The energetic preference for the formation of syr adducts of
diazaaluminolidines was predicted to be closely similar to that of the corresponding sya adducts of dioxaluminolidines,
The highest energetic preference for the furmation of xyr adducts was ahgerved in the case of formaldehyde adduct to
oxazaaluminolidines.

Activation of a carbonyt coordinated syn to the Lewis acidic aluminum of aluminolidines could be predicted to be
higher than that of the corresponding anri coordinated one. On the other hand, the relative difference of the levels of
activation of syr and an aari coordinated C=0 groups could be predicted to be equal in the case of analogous diaza-,
oxara- and dioxaluminolidine adducts.

ACKNOWLEDGEMENTS

The University of Helsinki and the TEKES foundation are acknowledged for providing computational
resources needed (o carry out this study. The author thanks Dr. T. Hase, one the referees and the editor for
valuable editorial comments,

REFERENCES AND NOTES

1. (a) Deloux, L.: Srebnik, M. Chem, Rev. 1993, 93, 763: (b) Pindur, U.; Lutz, G.; Otto. C. Chem. Rev. 1993,
93, 741; {c) Wallbaum, S.: Martens, J. Tetrahedron Asymmetry 1992, 3, 1475; (d) Duthater, R. O.; Hafner,
A. Chem. Rev. 1992 92, B07: (e} Soai, K.; Niwa, S. Chem. Rev, 1992, 92 833; (f) Kagan, H. B.; Riant,
O. Chem. Rev. 1992, 92 1007; (g) Mikami, K.; Shimizu, M. Chem. Rev. 1992, 92, 1021 (h) Narasaka, K.
Synthesiy 1991, i; (1) Corey, E. 1. Pure & Appl Chem. 1990, 62, 1200.

o]

(a) Corey. E. I.; Wang, Z. Tetrahedron Letrers 1993, 34, 4001; (b} Livans, I3. A.; Miller, S. J.; Lectka, T. J.
Am. Chemn. Soc. 1993, 175, 6460; (o) Corey, . 1.: Ishihara, K. Terrakedron Letters 1992, 33, 6807

3. Nevalainen, V. Terrahedron Asyrmmetry 1993 4, 1597; and references therein.



12.

14.

Quantumn chemical modeling of chiral catalysis—XIV 2529

Nevalainen, V. Tetruhedron Asymmetry 1993, 4, 1563,

{a) Corey, E. L; Sarshar, 8. L Am. Chem. Soc. 1992, 114, 7938; (b) Corey, E. J.; Imwinkelried, R.; Pikul,
S. Xiang, Y. B. J Am. Chem. Soc. 1989, 111, 5493,

(a) Nevalainen, V. Terrahedron Asymmerry 1993 4, 1597; (b) Nevalainen, V. Tetrahedron Asymmetry 1992,
3, 1563,

Sartor, D.; Saffrich, J.; Helmchen, G. SYNLETT 1990, 197,
Itsuno, S.; Sakurai, Y.; Ito, K_; Hirao, A Bull Chem. Soc. Jpn. 1987, 60, 395,
Oliver, J. P.; Kumar, R. Polyhedraon, 1990, 9, 409,

(a) Kurth, F. A: Eberlein, R. A.; Schndckel, H.; Downs, A, J.; Pulham, C. R. J. Chem. Soc., Chem. Commun,
1993, 1302; (b) Sharma, V.; Simard, M.; Wuest, J. D. J. Am. Chem. Soc. 1992, 114, 7931; (c) Jasien, P. J.
Phys. Chem. 1992, 96, 9273; (d) Hara, M.; Domen, K.; Onishi, T.; Nozoye, H J. Phys. Chem. 1991, 95,
6; (e) Petrie, M. A.; Olmstead, M. M.; Power, P. P.; J. Am. Chem Soc. 1991, {13, 8704; () Sauls, F. C.:
Interrante, 1. V.; Jiang, Z. Inorg. Chem. 1990, 29, 2989; (g) Geofirey, F.; Cloke, N.; Dalby, C. I
Henderson, M. J.; Hitchcock, P. B.; Kennard, C. H. 1.; Lamb, R. N.; Rasten, C. L. J. Chem. Soc., Chem.
Commun. 1990, 1394; (1) Interrante, L. V.; Sigel, G. A ; Garbauskas, M.; Hejna, C.; Slack, G. A. inorg.
Chem, 1989, 28 252: (i) Shreve, A. P.; Mulhaupt, R.; Fultz, W_; Calabrese, I.; Robbins, W., Irtel, S. D.
Qrganomerallics 1988, 7, 409; (j) Sheldrick, G. M.; Sheldrick, W. 8. /. Chem. Soc. A 1969, 2279,

. {a) Bennett, F. R.; Elms, F. M.; Gardiner, M. G.; Koutsantonis. G. A. Organometailics 1992, 11, 1457; (b)

Jiang, Z.; Tmerrante, [.. V., Kwon, D.; Tham, F. §.; Kullaig, R. Inorg. Chem. 1991, 30, 995; (¢) Robinson,
G. H.; Self, M. F.; Sangokoya, S. A.; Pennington, W. T. J. Am. Chem. Soc. 1989, 111 1520; (d) Robinson,
G. H.: Rae, A. D.; Campana, C. F.; Byram, S. Organometallics 1987, 6, 1227; (¢) Anton, K.; Euringer, C;
Noeth, H. Chem. Ber. 1984, 117, 1222; () Perego, G.; Dozzi, G. J. Organomet. Chem. 1981, 203, 21; (g)
Zaworotko, M. 1.; Atwood, 1. L. tnorg. Chem. 1980, 79, 268; (h) Perego, G.; Del Piero, G.; Corbellini, M.;
Bruzzone, M J. Organomer. Chem. 1977, 136, 301; (i) Beachley, O. T.; Raceue, K. C. Inorg. Chem. 1976,
15, 2110; (j) Beachley, O. T.; Racetie, K. C. Inorg. Chem, 1975, 14,2534

(a) Atwood, 1. L.; Robinson, K. D.; Jones, C.; Raston, C. 1.. /. Chem, Soc., Chenm. Commun. 1991, 1697; (b)
Bombi, G. G.; Corain, B.; Sheikh-Osman, A. A. lnorg. Chim. Actq 1998, 17!, 79; (c) Sangokoya, 5. A;
Maise, E.; Pennington, W. T.; Self, M. F.; Robinson, G. H, Organomerallics 1989, 8, 2584; (d) Healy, M. D.;
Barron, A. R. L Am. Chem. Soc. 1989, 111, 398; (e) Valle, G. C_; Bombi, G. G.; Corain, B.; Favarato, M,;
Zatta, P. J. Chem. Soc., Dalton Trans. 1989, 1513; (f) Lewinski, J.; Pasynkiewicz, S. Inorg. Chim. Acra
1986, 122, 225,

. (a) Gurian, P. 1.; Cheatham, 1.. K; Ziller, J. W.; Barron, A. R. J. Chem. Soc., Chem. Conmin. 1991, 1449;

{b) Self, M. F.; Pennington, W. T.; Laske, J. A.; Robinson, G. H. Organomerallics 1991, 10, 36; (c) Atwood,
1. L; Bennett, F. R.; Elms, F. M; Jones, C.; Raston, C. L.; Robinson, K. D. L Am. Chem. Soc. 1991, 113,
8183 (d) Sierra, M. L.; De Mel, V. §.; Oliver, J. P. Organometallics 1989, 8, 2486; (e) Robinson, G. H;
Sangokoya, 8. A.; Moise, F.; Pennington, W. T. Organomeiallics 1988, 7. 1887; (f) Robinson, G. H;
Sangokoya, S. A L Am. Chem. Soc. 1987, 109, 6852; (g) Dzugan, S. I.; Goedken, V. L. Inorg. Chem.
1986, 25, 2858,

Bott, S. G.; Elgamal, H.; Atwood, . L. J. Am. Chem. Soc. 1985, 107, 1796.

_ Venema, Fokko, R.; van Koningsveld, H.; Peters, J. A.; van Bekkum, H. J. Chem. Soc., Chem. Comnun.

1990, 699.



2530

16.

V. NEVALAINEN

(a) Damrauer, R.; Krempp, M.; Damrauer, N. H.; Schmidt, M. W.; Gordon, M. S. /. Am. Chemn. Soc. 1993,
115, 5218; (b) Florian, 1., Mojzes, P.: Stepanek, J, J. Phys. Chem §992, 96, 9278: (¢} Barron, A. R.:
Dobbs, K. D; Francl, M. M. £ Am. Chen. Soc. 1991, 113, 39; (d) McKee, M. L. J. Phys. Chem. 1991,
95, 6519; (e) Chey, J.; Choe, H.-S.: Chook. Y.-M.: Jensen, L. Seida, P. R.; Francl, M. M. Organnmetallics
1990, 9, 2430; (f) Lammertsma, K.; Leszczynski, . J Phys. Chem 1990, 94, 2806: {g) lePage, T. I..
Wiberg, K. B. /. Am. Chem. Soc. V988, 110, 6642: (h) Kobayashi, H.; Yamaguchi. M.; Tanaka, T.;
Nishimura, Y ; Kawakami, H.; Yoshida, 8. J Phyy. Chem 1988, 92, 2516: (i) Reed. A E . Schleyer, P. v,
R, fnorg. Chem. 1988, 27, 3969; (j) Kawakami, H.; Yoshida, S. J. Chem. Suc., Furadey Trans. 2. 1986,
82, 1385; (k) Caffer, I. L.; Petersen, J. D.; Bennett, D. W. £ Mol Sirucrure 1985, 122, 115 (1) Smith, §. E..
Chandrasekhar, J.; Jorgensen, W. L. [ Phys. Chem. 1983 87 183%: {m) Howall, 1. M.: Sapse, A. M,
Stmgman, E.: Snyder, G. L Am. Chem. Soc. 1982, 04, 4758,

. Mason, M. R.; Smith, J. M.; Bott. § G.; Rarron, A, R. 7 Am. Chem. Sor. 1993, 175, 4971
. Gorrell, 1. B; Hitchcack, P. H.; Smith, J. ). J. Chem. Soc., Chem. Commun, 1993, 189,
. Simard, M.; Vaugeois, J.; Wuest, J. 1. J Am. Chem. Soc. 1993, 715, 370.

. Gaussian 90, Revision 1, Frisch, M. I, Head-Gordon, M.; Trucks, G. W.: tForesman, J. B.; Schlegel, H. B ;

Raghavachari, K.: Robb, M.; Binkley, I. S.; Gonzalez, C.; Defrees, D. J.: Fox, I. J.; Whiteside, R. A Seeger,
R.;: Melius, C. F_; Baker, J; Martin, R. L.. Kahn, L. R.; Stewart. I 3. P.; Topiol, S.: Pople. J. A.. Gaussian,
Inc., Pittsburgh A, 1990,

- Nevalainen, V. Proceedings of the First Symposium on Synthetic Chemistry. Finn. Chem Soc., Oulu, 1993, P2,
. Nevalainen, V. Terrahedron Asvimmerry 1991, 2, 827

. All attempts to optimize the gan conformation of & led to the corresponding syn coordinate system (hydrogens of

the water tumbled from the anti side to the syn one). Full characterization of this behaviour would require a study
on the transition state structures and involvement of electron correlation. That was not undertaken as conclusions
satisfactory for purposes of this work can be drawn already on the hasis of the presented resubs.

. Nevalainen, V. Tetrahedron Asymmerry 1992, 3, 1441,

. Nevalainen, V. Terraghedron Asvmmetry 19923, 1133,



