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Abstract: Experimental diastereoselectivities for the stereocontrolled reduction of glycosyl a-ketoesters
into the corresponding a-hydroxyesters have recently been reported with unexpected results. The process
is catalyzed by a chiral oxazaborolidine derivative (the so-called CBS catalyst) and represents the key
step in the synthesis of glycosyl a-amino acids synthons, a class of compounds that allow preparation of
natural glycopeptides analogues exhibiting potential therapeutic relevance. Good to very good diastereomeric
excesses have been obtained for a series of reactions with different glucidic derivatives, but surprisingly,
the major product obtained does not correspond to that predicted by using Corey’s model. In the present
work, we carry out a theoretical investigation of these reactions at the density functional level. Separated
effects from the catalyst and from the glucidic derivative have been computed to rationalize the observed
diastereoselectivities and the double asymmetric induction.

1. Introduction

Glycoproteins are involved in many biochemical processes.
In particular they play a fundamental role in a variety of
molecular recognition phenomeha A better knowledge of
the properties of their elementary constituents, glycosyl amino

peptide is bonded to the carbohydrate moiety by-a0bond
in anomeric positioR~22

Glycopeptides exhibiting a €C bond in a nonanomeric
position have received much less attention although their study
appears to be a quite interesting research field. As a preliminary
step in the synthesis of such a type of peptides, the correspond-

acids and glycopeptides, would represent an important Steping glycosylated amino acid synthons with enantiomeric purity

toward the understanding of glycoprotein behavior in vivo.
Accordingly, many works have been devoted to the synthesis
of glycopeptides, most of them having focused on N-, O- and
S-glycosyl derivative$;® inspired by the structure of natural
proteins. However, these glycopeptide derivatives display a high

must be obtained. One possible route involves the nucleophilic
amination of carboxylic acids with a leaving group in the
o-position, the key step of the method being the stereocontrolled
reduction ofa-ketoesters intax-hydroxyestergs-25

Experimental data obtained in our gré@eF® for a variety

sensitivity toward acids and bases, and therefore their synthesis,¢ systems have been quite encouraging. In particular, good to

is not straightforward.Besides, they are subject to deglycosyl-
ation in vivo limiting their potential use as therapeutic agéfts.

(11) Hall, R. H.; Bischofberger, K.; Eitelman, S. J.; JordaanJ AChem. Soc.,
Chem. Communl977, 743 753.

887.

)
Some work has also been devoted to the synthesis of the morg12) Jouille M. M.; Wang, P. C.; Semple, J. B. Am. Chem. Sod.98Q 102,
)

stable C-glycosyl analogues of natural fragments where the
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Table 1. Experimental Results for the Reduction of o-Ketoesters
by Means of Catecholborane Assisted by a Chiral Oxazaborolidine
Catalyst?*

glycosyl o-ketoester catalyst yield, % major product de, %
p-ribo S 61 R 70
R 39 S 68
p-galacto S 94 R 78
R 81 S 90

very good diastereomeric excesses (de) have been achieved fO(41

initial coordination of a borane (Bifor instance) to the Lewis
basic nitrogen atom on the less hinderedface of the
oxazaborolidine. This activates the borane as a hydride donor
and also increases the Lewis acidity of the endocyclic boron
atom. In a second step, the complex binds to the ketone at the
more sterically accessible lone pair (i.e., syn with respect to
the ketone substituent with the smaller effective steric bulk)
and cis to the vicinal borane group. This aligns the carbonyl
atom and the coordinated borane for face-selective hydride
transfer via a six-membered transition structure to form the
product. The mechanism is illustrated in Figure 1. The reaction
finishes by regeneration of the catalyst.

Some difficulties arise if this scheme is used to rationalize
the de observed in the case of the glycasetoesters in Table
1. Indeed, if one considers that the glycosyl group is larger than
the ester group, Corey’s model would predict exactly the
opposite diastereoselectivity to that found experimentally. Never-
theless, application of Corey’s model to glycosyketoester
reduction is not straightforward because asymmetric induction
is not only connected to the chirality of the catalyst. The
presence of chiral centers at the glycosyl group might play a
role too so that the final de value should be a combination of
both effects. Experimentally, the effect due to the catalyst and
that due to the glycosyl group are not easily separable.

Theoretical computations on oxazaborolidine-catalyzed re-
duction of ketones have been reported by several authors. Most
of the theoretical work has been carried out by Nevalaffieit.
Other contributions are due to Jones and LiéttBach et al&®
Linney et al.5” Quallich et al$8 Bringmann et al®?-70 Gondos
and P#ink6,”* and Li et al.”2-78 A thorough survey of all these

Corey, E. J.; Link, J. OTetrahedron Lett1992 33, 3431.

the reduction of thei-ketoesters by means of the so-called CBS (42) Corey, E. J.; Link, J. O.; Bakshi, R. Retrahedron Lett1992 33, 7107.

catalyst (or CoreyBakshi-Shibatd”~2° catalyst). The general
process is illustrated in Scheme 1, where R includegalacto,

)
)
)
)
)
p-ribo, orp-lyxo moiety shown in Scheme 2. Some experimental 2473
results are shown in Table 1 for isopropy! esters. The rational- (48) Nevalainen, VTetrahedron:
ization of these data is not straightforward, since both, the (50g Nevalainen. VTetrahedron:
catalyst and the ketone, exhibit asymmetric centers and mayE5lg
)
)
55)

contribute to the observed diastereomeric excess.

The reduction of carbonyl compounds with chiral oxazaboro- (54
lidine catalysts has been widely investigated. This powerful (56) Nevalainen, VTetrahedron:

synthetic method has been first reported by Itsuno é¢&f.

and subsequently developed and rationalized by Corey and co-(59) Nevalainen, VTetrahedron:

workers27-29.37-45 The mechanistic model propogéadssumes

(27) Corey, E. J.; Bakshi, R. K.; Shibata,l5Am. Chem. So4987, 109, 5551.

(28) Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C. P.; Singh, \. Am.
Chem. Soc1987, 109, 7925.

(29) Corey, E. J.; Bakshi, R. K.; Shibata, 5.0rg. Chem1988 53, 2861.
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Communl1982 3, 673.
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Trans. 11983 1673.

(32) ltsuno, S.; Ito, K.; Hirao, A.; Nakahama, 5.Chem. Soc., Chem. Commun.
1983 469.

(33) Itsuno, S.; Ito, K.; Hirao, A.; Nakahama, $.Chem. Soc., Perkin Trans.
11984 2887.

(34) Itsuno, S.; Ito, K.; Hirao, A.; Nakahama, §.0rg. Chem1984 49, 555.
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Nakahama, SJ. Chem. Soc., Perkin Trans.1B85 2039.
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S.J. Chem. Soc., Perkin Trans.1B85 2615.

(37) Corey, E. J.; Link, J. OTetrahedron Lett1989 30, 6275.

(38) Corey, E. J.; Chen, C. P.; Reichard, G. Petrahedron Lett1989 30,
5547.

(39) Corey, E. JEuropean Pattern applicatignHarvard College: USA Ep,
1989; p 29.

(40) Corey, E. J.; Bakshi, R. Kletrahedron Lett199Q 31, 611.

(43) Corey, E. J.; Helal, C. Jetrahedron Lett1995 36, 9153.
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Asymmetry991, 2, 827.
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Asymmetry992 3, 933.
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Asymmetr§993 4, 1569.
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Figure 1. Mechanism proposed by Corey for the catalytic enantioselective reduction of ketones by oxazaborolidinesamtdleRRgroups represent,
respectively, the smaller and larger substituent groups of the ketone.

previous investigations has been recently reported by Alagona6-311++G** level) lead to —15.2 kcal/mol. On the other hand, the

et al’® in this journal, and therefore we shall not comment on recent study of Alagona et &.has also shown that Hartre&ock

them in detail here (though some essential points are discussedalculations are not reliable and that correlation energy must be taken

below). In the work of Alagona et al., the authors have carried into account. These authors have concluded that density functional

out ab initio density functional and semiempirical calculations 1€0rY (BFT) is a good compromise between accuracy and computa-

for the system acetopheno BS catalyst- BHs. The whole tional cost’® DFT calculations have also been carried out to analyze
IIEC 3-

Vst is d ibed in th K he ab initio | r the coordination of aldehydes to oxazaborolidinof&onsidering the
CBS catalyst is described in that work at the ab initio level for conclusions reached in these previous papers, the size of the systems

the first time, and many aspects of the reaction have beenggnsigered in the present work and the large number of calculations
reexamined. It has been shown that the enantiomeric excess isequired to analyze the various contributions to the selectivity, we have
controlled kinetically, and a pretty good agreement with chosen to use a DFT method.
experimental data for stereoselectivities has been obtained. Our DFT computational scheme is based on the use of the B3LYP
However, all these previous studies assume a nonchiral hybrid exchange-correlation functiof&i®and the 6-31G* basis $8t%2
ketone, and therefore double asymmetric induction has not been(a set of diffuse functions has been added for B atoms, as recommended
accounted for. Besides, reduction afketoesters with CBS  in previous studi€d). Full geometry optimizations have been performed
catalysts has not yet been investigated in previous theoreticalfor all the systems. Transition structures have been located and verified
works. This has prompted us to perform the present theoreticalrough frequency computations. Due to the large system size, study
study. Our aim is to analyze the role of different factors of the intrinsic reaction coordinate was not possible. However, the

influencing diastereoselectivity in the reduction of alvcosyl vibration mode corresponding to the imaginary frequency obtained in
9 Yy 9IYCOSYl  ransition structure calculations was carefully analyzed. It always

a-ketoesters by oxazaborolidine catalysts and to develop a model,, responds to the expected reaction path (hydride transfer). Zero-point
for the observed double asymmetric induction. The process gnergy (zPE) corrections, as well as thermal corrections to the enthalpy
considered here is the reduction ofpegalactoe-ketoester. and free energies, have been evaluated using standard approaches and
Several models of this reaction have been investigated. the computed frequencies of vibration at the B3LYP level. All
. calculations have been carried out using Gaussiait 98.
2. Computational Method
Some previous theoretical studies on related systems have beerd- Reaction Models and Notation

carried out Wlth _s_emlemplrlcal methods because th_ey are much less The main aim of our work has been to analyze the relative
costly than ab initio approaches and therefore permit the treatment of .

larger molecules. However, it has been shown that semiempirical importance of the asymmetric induction arising from the catalyst
methods can lead to erroneous conclusions in asymmetric synthesisStructure and from the glucidic part on the reactant. To separate
studie&>82 as far as some artifacts exist in the treatment of HH-eore ~ and analyze both effects, we have considered different models

core interaction&-8° Moreover, the description of systems containing

B atoms is rather poor at the semiempirical level. For instance, the (86) Salvatella, L.; Ruiz-Lpez, M. F.J. Am. Chem. S0d.999 121, 10772.
. K (87) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
complexation energy of BH+ H,CO, which may be used to get a  (gg) Becke, A. D.J. Chem. Phys1993 98, 5648.

)
%
rough estimation of the catalysteactant interaction, is predicted to ~ (89) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971 54, 724.
be—2.5 kcal/mol at the AM1 level, whereas ab initio calculations (MP2/ (903 Hehre, W. J.; Ditchfield, R.; Pople, J. 8. Chem, Phys1972 56, 2257.

)

)

)

(91) Dill, J. D.; Pople, J. AJ. Chem. Phys1975 62, 2921.

(92) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213.
(77) Li, M.; Tian, A. M. THEOCHEM2001, 544, 37. (93) Tufon, I. Ph.D. Thesis, University of Valencia, Spain, 1993.
(78) Li, M.; Zheng, W. X.; Yang, F.; Tian, Aint. J. Quantum Chen2001, 81, (94) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
291. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
(79) Alagona, G.; Ghio, C.; Persico, M.; Tomasi,J5Am. Chem. So2003 R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
125 10027. Alagona, G.; Ghio, C.; Tomasi, Bheor. Chem. Ac2004 K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
in press R.; ennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(80) Salvatella, L.; Mokrane, A.; Cartier, A.; Ruiz-pez, M. F.Chem. Phys. Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.;
Lett. 1998 296, 239. Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
(81) Salvatella, L.; Mokrane, A.; Cartier, A.; Ruiz-hez, M. F.J. Org. Chem. Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
1998 63, 4664. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts; Martin,
(82) Cativiela, C.; Dillet, V.; Garcia, J. |.; Mayoral, J. A.; RuiZ4hez, M. F.; R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara,
Salvatella, LTHEOCHEM1995 331, 37. A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
(83) Buss, V.; Messinger, J.; Heuser, QCPE Bull.1991 11, 5. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
(84) Csonka, G. 1J. Comput. Cheml993 14, 895. J. A. Gaussian 98revision A.9 and A.11 ed.; Gaussian, Inc.: Pittsburgh,
(85) Csonka, G. I.; Angyan, J. GHEOCHEM1997 393 31. PA, 2001.
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assigning large and small groups makes the assignment of
configuration in the product easié,but in some cases,
inconsistencies may arise. For instance, experimental de data
reported by Corey and Hefalfor the prochiral ketone Ph
Figure 2. Model catalysts and ketoesters considered in this work. CO—CH,Cl is correctly predicted when one assumes=RPh

and Rs = CH,CI (see Table 5 in that paper). In contrast, use of
Cahn—-Ingold—Prelog priority rules in this case would lead to
the opposite assignment of large and small substituents so that
the wrong diastereoselectivity would be predicted.

In this paper, we also use the notation “top” and “bottom” to
differentiate the faces of the oxazaborolidine ring. When the
ring is viewed as in Figure 2, the top face is that pointing toward
the observer. According to this definition, structures in Figure
1, for instance, correspond to a bottom face attack. Note that
the top (or bottom) face may correspond either to the less or to
the more hindered facex(and j face, respectively). Finally,
endo and exo conformations of the ketone coordinated to the
oxazaborolidine have the usual meaning.

o)

o
NAUCAPA R
Waan
222
ECER

++ 4
aaaan

o}
5 O— @) 3(s)

of the reaction that are summarized in Figure 2. For the
oxazaborolidine catalyst, we have considered three com-
pounds: compound represents the simplest model of a chiral
oxazaborolidine catalyst, an? is a model for a nonchiral
catalyst, wherea8 is a chiral model that allows estimation of
the influence of substituents on the C-5 atom at the oxaza-
borolodine ring. As shown, model reactions-B correspond

to the reaction of a simple nonchiratketoester with a chiral
catalyst model. In model C, we consider the reduction of the
chiral glycosylo-ketoestes with a nonchiral oxazaborolidine
catalyst model. Finally, in modelsBG, both the reactant and
the catalyst are chiral, and we may examine the combined effect
of the asymmetric groups. Note that compounis close to

the system studied experimentally (see Scheme 2), except thay rasuits

methyl groups have been replaced by hydrogen atoms.

In all reaction models, the hydrogen donor is8Replacing 4.1. Formation of Initial Catalyst —Borane ComplexesWe
catecholborane by borane is not expected to modify much thefirst examine the formation of the initial oxazaborolidine
results. This hypothesis has been confirmed by carrying out aborane complexes. Several conformations of these complexes
series of preliminary semiempirical calculations. may be envisaged, although their relative energy may differ

The notation proposed in the original papers by Corey and significantly. They are illustrated in Scheme 3 for the complex
co-workers for structures and conformations has been usedl(S)--BHs. Structures andb correspond to the attack through
throughout this paper, namely: the less (more) hindered facethe bottom face of the ringa(attack in this case). Similarly,
of the oxazaborolidine ring corresponds to thépg) face, the structuresc andd correspond to the attack through the top face
small (Rs) and large (R) groups of the ketone correspond to (8 attack in this case). Geometry optimizations for these
the substituent with the smaller (larger) effective steric bulk, structures have shown that @)s the most stable one, (B)is
and catalystketone complexes are assumed to have syn (anti) not an energy minimum, and (8) lies 5.6 kcal/mol above
conformation when coordination to the oxygen occurs via the and 4.1 kcal/mol above. Similar results are obtained for the
electron lone pair syn (anti) to the ketone substituent with the other catalysts (in the case of catalgsstructuresa andc are
smaller steric bulk R(as shown in Figure 1). isoenergetic). Thus, hereafter, we only consider the lowest

It is important to stress that some autt$ér§ have used the  structures of typ@ andc. Note that, in both cases, the borane
opposite definition for syn/anti conformations, and particular lies in the axial position.
attention should be paid to avoid confusion when comparing  Table 2 summarizes the predicted formation energies for the
results in the literature. Besides, in the work of Alagona ef®al.,  oxazaborolidine-borane complexes. Table 3 gives some geo-
the definition of small and large groupssBnd R, has been metrical details, and Table 4 contains data on net atomic charges
done using the Cahringold—Prelog priority rules. In many  computed using the GhelpG meth¥d.
cases, this is equivalent to the definition based on steric
hindrance used in Corey’s works. Using priority rules for (95) Breneman, C. M.; Wiberg, B. K. Comput. Chen199Q 11, 361.
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Table 2. Energetics for the Catalyst—Borane Complex Formation

(Energy Values in kcal/mol, Entropy Change in cal mol~! K™1) \< \<

AH AG

process coordination AE®ee AE®*c+ZPE  (298K) -AS (298K) B H\_/ /B H\_/
1+ BH3 a-face —23.80 —19.37 —-20.64 40.1 -8.70 exo syn exo anti
Bface —22.27 —-17.64 —19.00 41.6 —6.58
2+ BHs —24.16 —19.70 -21.01 39.8 -9.14 Me o Me
3+BH; o-face —2269 —18.26 —19.51 39.9 —7.60 \L g’ Me Me
pface —21.68 —17.10 1841 414 —6.05 N -y Osp
B—H G s
v Rg~ TRL N
Table 3. Some Structural Parameters for BH3, Catalysts, and '/B F"’* /C\R
Catalyst—Borane Complexes (Values in A and Degrees) L S
endo syn endo anti
o the ) dhe : Figure 3. Possible coordination modes to model cataly8)through the
compd coordination  (endocyclic)  (exocyclic)  dao dan Ciang free a-face. The R and R groups represent respectively the smaller and
BH3 1.193 larger substituent groups of the ketone.
1 1.417 1.387 ) .

2 1.417 1.387 m-character of the BO bond is enhanced and the corresponding
i - . 11-451058 L 684 1-13237 1211 1054 distance decreases. The net atomic charges in Table 4 shows
--BH3 a-face . . . . . . . R . i

p-face 1510 1684 1358 1211 1042 that there is a huge el_ect_ronlc reorganization under the com
2---BH3 1.510 1684 1357 1.211 1054 Pplexation process. This is a well-known phenomenon that
3--BH;  a-face 1.504 1.687 1352 1211 107.6 explains the catalytic power of the oxazaborolidone ring as far
p-face 1.508 1688 1354 1212 106.2 35 (1)it renders hydride transfer from the borane easier and (2)
it enhances the Lewis acidity of the B atom in the ring. The
Table 4. Some Partial Atomic Charges for BHs, Catalysts, and computed exocyclic N-B bond length is very similar to that
Catalyst—Borane Complexes (ChelpG Method) reported by Alagona et al. (1.680 A) and is not far from the
BH; unit oxazaborolidine ring X-ray diffraction measurements by Corey et al. (1.62*4).
compd coordination B N B 0 4.2. Formation of Catalyst-Borane—Ketone Complexes.
BHs 0.654 The _next step in the _reactlon me_chan_lsm proposed by Corey
1 -0.858  0.699 —0.526 consists of the formation of a Lewis acid complex between the
2 —0.740  0.684 —0.483 catalyst-borane adduct and the ketone. The complex involves
s —0869  0.729  —0.604 the interaction between the oxazaborolidine-ring B atom and
1-++BH3 a-face 0.204 —0.072 0550 —0.450 ) o
f-face 0238 —0145 0546 —0.468 the O atom of the ketone. Dependmg on the cgordlnatlon mode
2:--:BH3 0.212  —-0.030 0537 —0.462 of the ketone, endo/exo and syn/anti conformations are expected.
3++BHs o-face 0239  -0.153 0573 0541 They are represented in Figure 3 in the case of an interaction
B-face 0.265 —0.224 0576 —0.564

through the less hindered face of th¢S) catalyst (1-face). As
said above, the enantioselectivity of the reaction is generally
As shown, the free energy of complexation is close 98 explained by the preferential formation of the exo/syn complex
kcal/mol when the borane coordinates to the catalysts throughwhich in principle minimizes steric interactions.
the a-face. In the case of the chiral compountisand 3, Several attempts to describe these complexes have been
coordination through the hindergtiface is, as expected, less reported in the literature. In general, it has been shown that they
favorable by roughly 2 kcal/mol. Our calculations are compa- are slightly stable or even unstable and that their predicted
rable to those reported in the recent work of Alagona et®al.. stability is very sensitive to the computational level. Nevalainen
These authors have considered a chiral oxazaborolidine with ahas discussed this question in several pdpéfr$364finding
fused ring similar to that shown in Scheme 1. Using data from unstable complexes in some c&4and slightly stable structures
their Table 2, one deduces that coordination through the lessin others® In the latter case, Hartred=ock and MP2 calcula-
hindered face leads to a complexation energhBf= —22.97 tions led to different conclusions. Stable complexes at the AM1
kcal/mol andAG = —9.20 kcal/mol, which are very close to level have been described for instance by Williams etdli.
the corresponding values obtained for our systems. Coordinationand Tiarf®76.78have described a complex among an oxazaboro-
of the borane through the hindered face is very unfavorable in lidine derivative, BH, and 3,3-dimethyl-2-butanone at the
the system investigated by Alagona et al. because of the presencélartree-Fock 6-31G* level. From the four possible structures
of the proline ring that confers a high rigidity to the catalyst. (endo/exo, syn/anti), only two of them (syn structures) led to
The results reported by Quallich et®lfor related complexes  energy minima, and the other two decomposed into a catalyst
predict about-27 to—28 kcal/mol for the complexation energy  borane adduct and ketone. Moreover, the syn complexes were
(less hindered face) using MP2/6-31G* energy calculations on shown to be less stable than the separated catdbgsane
Hartree-Fock optimized geometries. complex and ketone, relative energies being 7.09 and 12.86 kcal/
As noted in previous studigg:f879after complexation, the ~ mol for the exo and endo configurations, respectively. No free
endocyclic N-B (B—O) bond length increases (decreases) with energy computations were reported by these authors. In the same
respect to the free oxazaborolidine ring. This trend is sometimeswork, some structures at the B3LYP/6-31G* level were also
interpreted as evidence for a partiglcharacter on the NB described. Quallich et & have shown that Hartred=ock
and B-0O bonds. After complexation with borane, the lone pair results using the 3-21G basis set predict stable complexes
of the N atom in the ring cannot participate with thesystem although use of the more reliable 6-31G* basis set leads to
and the N-B bond length increases. At the same time, the partial dissociation. These authors have also carried out MP2/6-31G*
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Figure 4. Catalyst-borane-ketone complex obtained witkr+-BH3 + 4.

computations on a model oxazaborolidine and have been able

to locate endo and exo complexes. The relative energy with
respect to the separated catatyBH3; and ketone systems was
particularly small:—0.52 kcal/mol andt-0.46 kcal/mol, respec-

tively. Most recent studies by Alagona et’&lhave analyzed

the influence of the computational level in some detail. In .
particular, they computed the potential energy surface at the s
AM1 level and performed further optimization calculations on

AM1 minima using several ab initio and DFT approaches. They

found, as in the work of Quallich et &8,that Hartree-Fock

with small basis sets (3-21G) predict local minima, whereas

similar calculations with higher quality basis sets (6-31G*) do

not. In contrast, they found two minima when using the B3LYP/

6-31G* method corresponding to exo/anti and so-called skew/

anti coordination of the ketone. The corresponding formation
energies are positive, 2.19 and 1.97 kcal/mol, respectively
(relative to separated ketone and oxazaborolidiBiel; com- N Endofanti _
plex). Free energies for these two complexes are rather high:gf)gé/(grenitt;:rsn&non structures for reaction A. Left: top attack. Right:
19.04 and 18.34 kcal/mol, respectively. The skew/anti coordina- '

tion corresponds to a complex in which the—8---O=C Table 5. Energies of Transition Structures Predicted for Model
dihedral angle presents an unusual value, intermediate betweerRéaction A: 1(S) = BHs + 4 (in kcal/mol) (For 4, Smaller and

. . Larger Groups Are Assumed To Be Rs = CH3z and R, = COOMe
the angle for pure endo and exo orientations ¢18ad O, 9 P S : 2
model reaction A: 1(S) = BH; +4

Exofanti

respectively).

In line with these former investigations, our calculations have top face (f-attack) bottom face (a-attack)
shown that complex formation is not a very favorable process. exolsyn endo/syn exolanti endo/anti exo/syn endo/syn exolanti endo/anti
Thus, thel---BH3 adduct does not form stable complexes with  cont s R R S R S S R

5. All geometry optimizations led to dissociation. The same Agp g1 771 968 11.02 582 7.29 751 9.32

adduct has been shown to form only one stable complex with SAE  2.36 189 3.86 520 000 147 169 3.50

the a-ketoested, which does not correspond to standard endo AG® 24.14 2409 24.87 27.02 2142 2334 2287 24.94

or exo configurations. It is represented in Figure 4. The energy OAG 272 267 345 560 000 192 145 352

of this complex, relative to separated the-BH3 adduct and aAbsolute configuration of the obtained produéWith respect to

4, is positive, 4.5 kcal/mol, not far from the values given above separated catalysborane complex and ketoester.

from Alagona et al’? Its structure is not far from the skew ) ) )

complex described by these authors—@:--O=C dihedral ~ P€ing obtained when such a group is replaced by a hydrogen

angle equal—102.2 vs —75.5 in ref 79). We have not atom). Definitive conclusmn.s on this point would therefore

computed the corresponding free energy, but one may expect 4€duire a larger study and higher computational levels.

high value. Considering the previous reported results and those It may be useful to make a comment on the interaction of a

obtained in our work fofl, no attempts have been made to locate Simple borane like Bgiwith a carbonyl compound. In principle,

energy minima with2 and 3. such an interaction leads to much h|gher interaction energies
Indeed, all these theoretical calculations suggest that the Lewisthan those obtained for the oxazaborolidines. Ab initio computa-

acidity of the oxazaborolidine B atom is much lower than tions for the simple systemJ@0---BH3* leads to a coordina-

expected and put a doubt on the role played by 3-fold complexestion energy of-17.1 kcal/mol (using the B3LYP level employed

in the reduction process mechanism. Obviously, these remarksin OUr Work, one obtains-18.06 kcal/mol). Luque et & have

do not automatically apply for other reactions, since substituent "€Ported a DFT study on HCOGRBHj, but they have focused

effects may modify the stability of the complexes (for instance, ©N complex conformations vs solvent effect. We have computed

we have found in exploratory calculations that the methyl group (96) Le Page, T. J.: Wiberg, B. K. Am. Chem. Sod.988 110, 6642.

attached to the ring B atom plays a major role, stable complexes(97) Luque, F. J.; Cossi, M.; Tomasi, IHEOCHEM1996 371, 123.
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Table 6. Some Geometrical Parameters of Transition Structures Predicted for Model Reaction A: 1(S) — BHs + 4 (in A and Degrees) (For
4, Smaller and Larger Groups Are Assumed To Be Rs = CH3 and R = COOMe)?

model reaction A: 1(S) = BH; +4

top face (f-attack) bottom face (a-attack)

exolsyn endo/syn exo/anti endo/anti exo/syn endo/syn exo/anti endo/anti
Bo:--H 1.230 1.226 1.232 1.226 1.233 1.231 1.239 1.235
H-+-C; 2.445 2.353 2.126 2.217 2.193 2.200 2.543 2.022
Cy01 1.238 1.240 1.237 1.236 1.238 1.241 1.242 1.240
NB; 1.607 1.605 1.603 1.600 1.601 1.605 1.605 1.596
NB> 1.635 1.635 1.627 1.629 1.632 1.637 1.620 1.627
O1++*B1 1.704 1.625 1.765 1.739 1.710 1.650 1.742 1.766
C,041B1 133.6 131.7 139.7 139.4 132.6 131.2 138.5 138.5
C,0:B1Cy —57.40 170.3 —80.0 —158.8 58.2 —178.9 86.8 139.0
C4C2041B1 40.6 —30.2 —135.6 142.1 —44.6 38.4 133.3 —128.5
0,C3C0, 178.9 178.8 169.80 171.9 —179.7 —169.6 —167.6 —179.3

aFor the geometrical parameters considered in this table, see Scheme 4.

the interaction energy for the systetr-BH3 which is —16.4 TS geometries exhibit a twist-boat conformation, and only a
kcal/mol or—15.4 kcal/mol, depending if the coordination of few may be described as chairlike conformations. The latter
BHj; to the oxygen atom is syn or anti with respect to the methyl correspond to either endo or exo orientations, but their
group. It may be also interesting to note that the geometry of conformation is always anti. Attempts to locate several types
the ketoester, in particular, the OCCO dihedral angle, is quite of structure for a given TS were made in a few cases, but results
sensitive to the interaction with the borane. Whereas in the synwere unfruitful. The previous trends present some discrepancies
complex the angle is close to 18(ike in the free ketoester),  with some of the studies cited above, particularly with those of

in the anti complex the angles decreases to 03\ shall Quallich et af® and Alagona et af? who employed a
see later that this angle plays a key role on the relative comparable theoretical level, suggesting that the nature of the
stabilization of transition structures. reactant plays a decisive role on TS ring conformation.

4.3. Transition Structures for Hydride Transfer. To A. Reactions Involving a Chiral Oxazaborolidine and a

analyze the main factors determining the asymmetric induction Nonchiral o-Ketoester.Reactions A and B (see Figure 2) have
in the hydrogenation process, the structure and relative energybeen selected to evaluate the asymmetric induction of the
of transition structures for hydride transfer have to be considered. catalyst on the reduction of am-ketoester. The catalysts are
In principle, for a chiral catalyst (model systethand3), eight assumed to have (S) configuration. The eight possible transition
transition structures might be envisaged. They correspond tostructures have been located. They are represented in Figure 5.
attacks through ther- and g-faces of the catalyst (free and The energetics and structural parameters are summarized in
hindered face, respectively) and to endo/exo and syn/anti Tables 5 and 6, respectively. Note that, for tlketoester
orientations of the ketone (see Figure 3). For nonchiral catalystsconsidered here, compoudgdwe assume the smaller and larger
(like 2), the two faces of the oxazaborolidine ring are equivalent. groups to be R = CH; and R = COOMe. Syn and anti
However, if the ketone is chiral (lik&), attacks through top  orientations are defined accordingly.
and bottom faces (see Scheme 3) are not equivalent and eight As shown, the predictions are in good agreement with Corey’s
structures have to be inspected in this case too. According tomodel: §)-oxazaborolidine favors the TS corresponding to
Corey’s modelp-exo transition structures are favored for steric o-attack and exo/syn orientation of the ketone, this TS leading
reasons and asymmetric induction would be related to an energyto R product. One may note also the following points: (1) For
difference between syn/anti transition states. a given ketoester orientation,attack is favored. (2) In general,
We present now the results obtained for the model reactionsexo structures are preferred to the corresponding endo ones
described in Figure 2. The discussion starts by considering (except for$ syn attack, both structures, endo and exo, having
reactions A-B, which involve a chiral catalyst and a simple a comparable energy). (3) Syn orientation is always preferred
nonchiralo-ketoester. Then, we shall consider reaction C, which to anti orientation. (4) Activation free energies are in the range

involves a nonchiral catalyst and a model glycasyketoester. 21-27 kcal/mol in close agreement with results from Alagona
Finally, reactions D-G, in which a glycosylo-ketoester is et al’® for the reaction acetophenone CBS + BHj (for
reduced by a chiral catalyst, will be studied. instance, the exo/anti pathway displays a barrier of 22.51 kcal/

As shown in Figure 1, Corey’'s model assumes that the mol at the B3LYP). And, (5) the most stable TS leading to the
transition structures for hydride transfer are characterized by S product configuration displays exo/anti structure and is 1.45
the formation of a six-membered ring. The conformation of the kcal/mol over the exo/syn TS.
cycle has been the object of some discussion in the literature. One may see in Table 6 that the geometry of these transition
Both chairlike and boatlike conformations have been ob- structures displays some significant differences (see Scheme 4
tained®7-69.79depending on system, endo/exo orientation, and for definition of the parameters). The length of the forming CH
calculation levels. In the case of the reactions with the nonchiral bond varies from 2.022 Aof-endo/anti) to 2.543 Ad-exo/
ketoested, our results predict chairlike conformations for endo anti). The G--B bond length is also quite dependent on TS and
TSs and twist-boat conformations for the exo ones, although varies in the range 1.6561.766 A. The length of the bond being
one should notice that all conformations are quite distorted (seebroken, BH, is in all cases close to 1.23 A, whereas that of the
Supporting Information). In the case of the reaction with the ketone CO bond is about 1.24 A. It is interesting to remark
glycosyla-ketoesteb, the results are a little different. Most of  that the dihedral angle 0:B1C; displays values that in some
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Scheme 4

Exofsyn
MeO

Table 7. Energies of Transition Structures Predicted for Model
Reaction B: 3(S) — BH3 + 4 (in kcal/mol) (For 4, Smaller and
Larger Groups Are Assumed To Be Rs = CH3 and R, = COOMe)

model reaction B: 3(S) —BH; +4

top face (/3-attack) bottom face (a-attack)

exo/syn endo/syn exo/anti endo/anti exo/syn endo/syn exolanti endo/antic

confa S R R S R S S R

AE> 806 951 1031 657 932 8.90

OAE 149 294 3.75 000 277 233

AGP 2427 2598 2574 2252 256 2455 ,
SAG 175 346 3.22 0.00 3.08 202 Exofanti

Figure 6. Transition structures for reaction B. Left: top attack. Right:

aAbsolute configuration of the obtained produgWith respect to bottom attack.

separated catalysborane complex and ketoestéfS not found. o ]
and selectivity properties of the catalyst. The results are

cases are far from those expected for “pure” endo or exo presented in Tables 7 and 8 for energy and geometry results,
structures (180and O, respectively). For instance, in some exo respectively. The structures are drawn in Figure 6. In this case,
conformations, the angle is close to°9€rresponding to an  endo/anti conformations have not been located despite a careful
intermediate endo/exo orientation. For simplicity, we still call exploration of the potential energy surface in the vicinity of
them “exo” TSs (the absolute value of the angle being less thansuch hypothetic transition structures. For the remaining six
90°), but our results clearly show that the classification of TSs structures, the results are comparable to those obtained in
as endo or exo may be somewhat arbitrary. A similar remark reaction A. In particular, the catalyst exhibits the same selectivity
can be made for syn/anti orientation. For example, iroteado/ (R product favored), and the most stable TS corresponds to
syn TS, the @0,B;C; atoms are almost coplanar, whereas the oa-exo/syn attack. However, in contrast to reaction A, the most
C4C,0,B; dihedral angle (38 is quite different from that stable TS leading to S product h@sexo/syn conformation
corresponding to a “pure” syn orientation°Y0This is related (instead ofa-exo/anti in reaction A). Besides, one may note
to the skew-type conformations reported by Alagona et%l.. that the predicted selectivity is slightly larger in reaction B, since

Finally, one may note that the ,0sC,0; angle is in most the free energy difference between the most stable TSs leading
cases close to 180although, for some structures, steric to R and S configurations of the product is now 1.75 kcal/mol.
interactions give rise to a rotation around the CC bond (about The free energy of activation is now in the range-2% kcal/
10°) decreasing the stabilization throughresonance of CO  mol roughly, and for a given TS type, it is slightly higher than
bonds. in reaction model A.

Let us now consider the model reaction B(S) — BH; + 4. B. Reactions Involving a Nonchiral Oxazaborolidine and
Compound3is similar to compound. in reaction A but differs a Glycosyl a-Ketoester. Reaction C (see Figure 2) is suitable
from it by the presence of two methyl groups attached to the to examine the asymmetric induction arising from the chirality
oxazaborolidine ring at C-5. The comparison of reactions A and of the pyranosyl group of the-ketoester. Again, there are eight
B allows evaluation of the substituent effect on the reactivity possible transition structures. All them have been located and

Table 8. Some Geometrical Parameters of Transition Structures Predicted for Model Reaction B: 3(S) — BH3 + 4 (in A and Degrees) (For
4, Smaller and Larger Groups Are Assumed To Be Rs = CH3 and R, = COOMe)?@

model reaction B: 3(S) —BH; +4

top face (/3-attack)

bottom face (a-attack)

exolsyn endo/syn exolanti endo/anti® exolsyn endo/syn exolanti endo/anti®

Boee-H 1.234 1.227 1.240 1.236 1.230 1.242
H---C; 2.149 2.384 2.019 2114 2.284 1.994
C20, 1.239 1.239 1.243 1.241 1.242 1.244
NB; 1.601 1.600 1.604 1.594 1.597 1.595
NB2 1.633 1.635 1.621 1.629 1.632 1.618
Oy++*B1 1.718 1.617 1.736 1.718 1.615 1.751
C204B1 132.00 132.70 137.40 131.28 131.89 135.16
C201B1Cy —58.80 171.90 —82.80 59.80 —176.65 75.90
C4C20:1B1 —30.6 47.6 —133.6 —48.82 36.7 135.1
02C3C,0, 179.02 173.40 174.30 178.40 171.60 173.60

aFor the geometrical parameters considered in this table, see Sché® dot found.
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Figure 7. Transition structures for reaction C. Left: top attack. Right:
bottom attack.

Table 9. Energies of Transition Structures Predicted for Model
Reaction C: 2 — BHz + 5 (in kcal/mol) (For 5, Smaller and Larger
Groups Are Assumed To Be Rs = COOMe and R. = Pyranosyl
Group)

model reaction C: 2 —=BH; +5

top face bottom face

exo/syn endo/syn exo/anti endo/anti exo/syn endo/syn exolanti endo/anti

confa R S S R S R R S

AEP 5.68 5.19 5.44 4.2 6.24 6.67 4.84 7.87

OAE 1.48 0.99 1.25 0.00 2.04 2.47 0.64 3.67

AGP 22,02 2215 2159 19.88 2237 21.78 20.24 24.48
OAG 1.14 2.27 1.71 0.00 2.49 1.90 0.36 4.60

OAG® 2.13 1.54 0.00 4.24

a Absolute configuration of the obtained produétwith respect to
separated catalysborane complex and ketoestéRelative energy with
respect to the exo/anti bottom face attack.

correspond to exo/syn orientation of the ketone but to endo/
anti one (top attack). The difference between the two conforma-
tions is however not very large (1.14 kcal/mol). Both lead to
product R. One should note that, among the other TSs, there is
one (exo/anti bottom face attack) which is rather stable. It also
leads to R product. For convenience, we have also included in
Table 9 the relative energy of bottom attack TSs with respect
to that TS. Indeed, it is interesting to compare these values with
those obtained for the bottom attack in model reaction A. The
predicted R/S product selectivity is comparable showing that
the influence of the methyl group at the C-4 atom of the ring is
not very large, except of course that it enforces the attack
through the less hindered face.

In model reaction C, the lowest TS leading to S product
corresponds to the exo/anti top face attack, and it lies 1.71 kcal/
mol above the most stable TS. Therefore, our calculations predict
the formation of a major quantity of product with R configu-
ration, as in the case of reactions A and B. Besides, the
diastereomeric excess induced by the chiral structure of the
pyranosyl group appears to be comparable to that of the
oxazaborolidine models in reactions A or B.

As far as geometry parameters are concerned, the most
interesting result for this reaction is the value of thg2gC,0,
dihedral angle (Scheme 5). This angle is 146 the free
ketoester5 but changes substantially under TS formation. In
the case of endo/syn top face attack, it amounts&a.1°. One
may note that for the most stable TSs, the angle is not far from
180 (note also that, in a simple-ketoester like4, the
equilibrium angle is 18Das said above).

Although there is not an evident correlation between the value
of the QC3C,0; dihedral angle and the relative stability of the
TS, the analysis of the results suggests a possible explanation
for the unexpected syn vs anti conformation stability of some
TSs in this reaction. For a “pure” syn orientation, the ester group
interacts repulsively with the catalyst, as seen in Scheme 6. To
minimize these interactions, the@C,0; dihedral angle must
change, but the loss of planarity involves a decrease of the
stabilizing energy due to delocalization in thesystem. In other
words, the ketoester group exhibits a poor flexibility and “pure”
syn conformations are expected to be little stable. In contrast,
in anti orientation, rotation around the CC bond is easy allowing
the large sugar group to lie as far away as possible from the
catalyst (see Scheme 7). Obviously, this is an oversimplified
picture, since rotation around the-BO bond is also possible,
but our DFT calculations clearly indicate that syn orientation
for the ester group is unfavored.

C. Reactions Involving a Chiral Oxazaborolidine and a
Glycosyl a-Ketoester.Reactions B-G (see Figure 2) are now
taken into account. The asymmetric induction is in this case
due to a combined effect of the catalyst and the glycosyl group.
For simplicity, and considering the results presented above for
reactions A-B, we only consider now the transition structures

are drawn in Figure 7. The corresponding energetics and corresponding to the attack through the less hinderéate of
structural parameters are summarized in Tables 9 and 10. Notethe catalyst. This corresponds to the top (bottom) face of the
that, fora-ketoestel, syn/anti orientation is defined assuming ©xazaborolidine ring in the case of the R (S) configuration of

that the smaller and larger substituents agg=RCOOMe and
R_. = pyranosyl group.

the catalyst. For each reaction, four transition structures have
been searched.

Compared to the previous reactions A and B, which presents We discuss first the results obtained for reactions D and E.
the expected behavior of Corey’s model, reaction C displays The located TSs are shown in Figure 8. Results for energetics
some noteworthy features. First, the most stable TS does notand structural parameters are summarized in Tables 11 and 12.
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Table 10. Some Geometrical Parameters of Transition Structures Predicted for Model Reaction C: 2 — BHz + 5 (in A and Degrees) (For 5,
Smaller and Larger Groups Are Assumed To Be Rs = COOMe and R. = Pyranosyl Group)?2

model reaction C: 2 —BH; +5

top face bottom face

exolsyn endo/syn exo/anti endo/anti exo/syn endo/syn exo/anti endo/anti
Bo:-H 1.231 1.236 1.239 1.248 1.266 1.246 1.235 1.234
H+--Cy 2.201 2.178 2.049 2.019 2.231 1.981 2.157 2.086
C04 1.242 1.252 1.250 1.247 1.244 1.243 1.238 1.254
NB1 1.605 1.612 1.591 1.624 1.606 1.600 1.617 1.613
NB> 1.627 1.618 1.608 1.621 1.631 1.605 1.627 1.634
O1++B1 1.695 1.586 1.695 1.615 1.668 1.688 1.672 1.589
Oz+:H 2.569 2.504 2.375 2.461 2.524 2.416 2.592 2.401
C,0:1B1 130.2 126.1 131.1 129.7 131.1 137.0 132.5 128.9
C,01B1C1 —52.0 171.9 —61.0 171.7 54.5 148.6 58.0 —=173.7
C3C04B1 39.26 —38.4 —156.35 150.0 —40.1 57.5 150.4 149.4
0,C3C20, —116.6 —81.1 —107.7 —176.6 —87.5 —172.9 171.1 —103.6
CsC4C01 177.0 150.7 172.3 —106.8 154.9 —114.3 —-97.4 168.7
01C,C4Cs 71.6 66.9 56.0 148.5 66.1 41.9 56.9 57.7

aFor the geometrical parameters considered in this table, see Scheme 5.
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Qualitatively, results are not very different from those found
for reaction C above, if one compares the free energy obtained
for the top and bottom attack in reaction C with those obtained
for reactionsl(R) and 1(S) catalysts, respectively. Indeed, the
processes are very similar, the only difference being the presence
of the methyl group on the oxazaborolidine ring. In reaction D
(top face attack assumed), the lowest TS has endo/anti orienta-
tion, like in the top face attack of reaction C. In reaction E
(bottom face attack assumed), the lowest TS has exo/anti
orientation, like in the bottom face attack of reaction C. These
TSs evolve to the R product. One must note however that, in
reaction D, the electronic energy of the endo/syn TS, which calculations. The obtained structures are in Figure 9, and the
leads to S product, is very slightly lower than that of the endo/ results for energy and geometries are in Tables 13 and 14.
anti TS, the latter becoming more stable when free energy is The computations predict now the S product for reaction F
considered. (R catalyst) and the R product for reaction G (S catalyst). In
Let us consider now reactions F and G. As in the case of both reactions, the lowest TSs involve exo/anti orientation of
reaction B in which catalysB is also involved, endo/syn the ketoester. That is, the large pyranosyl group is oriented
transition structures have not been located despite several triatoward the B-Me unit (anti orientation), in contrast to Corey’s

Endo/anti

Figure 8. Transition structures for reactions D (left) and E (right). Only
the attack through the less hinderedace is considered for these reactions.
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Table 11. Energies of Transition Structures Predicted for Model
Reactions D and E: 1(R or S) — BH3 + 5 (in kcal/mol) (For 5,
Smaller and Larger Groups Are Assumed To Be Rs = COOMe
and R = Pyranosyl Group)

model reaction D: 1(R) —BH; +5 model reaction E: 1(S) —BH; +5

top face (a-attack) bottom face (a-attack)

exo/syn endo/syn exo/anti endo/anti exo/syn endo/syn exolanti endo/anti

conf R S S R S R R S

AEP 6.17 496 575 518 6.79 6.66 538 991
OAE 122 0.00 080 0.23 141 128 0.00 4.53
AGP 2255 21.67 2179 21.05 22.82 21.86 20.8 26.83
OAG 150 062 074 000 201 1.06 0.00 6.03

a Absolute configuration of the obtained produéWith respect to
separated catalysborane complex and ketoester.

model but in line with the structures presented above for other e Exolanti
reactions. The energy difference between the lowest TSs leading
to R and S product configurations is 2.92 kcal/mol in the case
of reaction F and 1.24 kcal/mol in the case of reaction G. This
model predicts therefore a higher selectivity for the catalyst with
R configuration.
4.4. Oxazadiboretane Intermediate ProductsThe forma-

tion of an oxazadiboretane intermediate product (see Scheme
8) was predicted in Corey's modBhnd has been experimentally Figure 9. Transition structures for reactions F (left) and G (right). Only

O_bserved_ th_rOUQh onv-temperature NMR ?nves?igati%?rﬁe- the attack through the less hinderedace is considered for these reactions.
sides, this intermediate has been described in a number of

theoretical calculation®:5267.75"®jissociation to regenerate the  close for the four intermediate products38.3 kcal/mol (R,
catalyst and form an alkoxyborane may occur by two different exo), —38.7 kcal/mol (R, endo);-38.9 (S, exo and endo). Free
reaction mechanisms: cycloelimination or borane addition. In energy amounts are19.3 and—19.5 kcal/mol for the R product
the second case, a six-membered bridged species is formed thaéxo and endo structures, respectively (thermochemistry calcula-
decomposes to the catalydiorane complex and the alkoxy- tions were not carried out for the S product but similar results
borane. are expected). Therefore, in agreement with previous calcula-
To obtain an estimation of the reaction energy, we have tions reported in the literature, we predict a highly exothermic
carried out computations for this intermediate. Nevertheless, process. For comparison, the study by Alagona et al. lexiGo
considering that the present study focuses on diastereofacial= —22.41 kcal/mol.
selectivity, only the case of reaction A has been taken into 4.5. Discussion on the Double Asymmetric Induction.
account. A total number of four structures have been obtained Table 16 summarizes the predicted diastereomeric excess for
corresponding to attack through the most favorabface. The the different reactions considered in this work. In all cases, all
newly created chiral center may have R or S configuration and, the computed transition structures have been taken into account,
for each one, endo and exo conformations have been found.and a Boltzmann weighted distribution has been considered.
They are drawn in Figure 10 for the R product, and Table 15 Two main points may be noted. First, reactions A and B show
summarizes their main geometrical parameters. Relative energythat chiral oxazaborolidines with S configuration lead to a main
with respect to the separated reacta@(S}BHs + 4) is very product displaying R configuration (likewise R oxazaborolidines

Endo/anti

Table 12. Some Geometrical Parameters of Transition Structures Predicted for Model Reactions D and E: 1(R or S) — BHz + 5 (in A and
Degrees) (For 5, Smaller and Larger Groups Are Assumed To Be Rs = COOMe and R = Pyranosyl Group)?

model reaction D: 1(R) — BH; +5 model reaction E: 1(S) = BH; +5
top face (a-attack) bottom face (a-attack)

exo/syn endo/syn exo/anti endo/anti exo/syn endo/syn exo/anti endo/anti
Boe+-H 1.232 1.234 1.238 1.243 1.228 1.244 1.237 1.234
H-+-C; 2.169 2.200 2.048 2.077 2.194 1.987 2.118 2.041
C01 1.243 1.251 1.250 1.245 1.245 1.242 1.240 1.254
NB1 1.603 1.608 1.591 1.625 1.604 1.597 1.616 1.615
NB> 1.624 1.620 1.611 1.617 1.629 1.624 1.607 1.641
Oy°+*B1 1.693 1.589 1.697 1.609 1.666 1.695 1.685 1.604
Oy*+-H 2.553 2.499 2.374 2.446 2.522 2.409 2.624 2.400
C,01B; 129.7 126.3 131.4 129.7 130.6 136.6 132.0 129.4
C,01B1C1 —52.3 170.7 —60.3 168.0 54.9 149.8 58.0 —176.8
C3C01B1 40.8 —37.4 152.2 148.2 —41.6 55.9 149.8 —167.5
0,C3C,0, —119.0 —86.6 —107.6 —176.6 —85.9 —171.5 176.6 —101.3
CsC4C01 179.3 1511 172.4 —106.8 152.7 —116.1 —95.2 165.5
01C,C4Cs 71.8 67.6 55.6 48.6 67.0 42.2 58.3 50.0

aFor the geometrical parameters considered in this table, see Scheme 5.
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Table 13. Energies of Transition Structures Predicted for Model
Reactions F and G: 3(R or S) — BH3 + 5 (in kcal/mol) (For 5,

Smaller and Larger Groups Are Assumed To Be Rs = COOMe w_'"')_ S a3
and R = Pyranosyl Grou I [
L Y| Y! p) i -L ] -{ A
model reaction F: 3(R) —BH; +5 model reaction G: 3(S) —BH; +5 e
top face (a-attack) bottom face (c-attack) f\

exo/syn endo/syn® exolanti endo/anti exo/syn endo/syn® exolanti endo/anti

Exo Endo
conf R S S R S R R S Figure 10. Predicted structure for the oxazadiboroetane intermediate
AEP  7.15 5.04 765 7.83 6.30 7.07 products with R configuration at the newly created chiral center.
OAE 211 0.00 2.51 1.53 0.00 0.77
AGP 23.59 20.67 2359 2455 2240 23.64 Table 15. Oxazadiboretane Intermediate Product Geometry? with
SAG 2.92 0.00 292 215 0.00 1.24 Calculations for the System with R Configuration at the Newly
Created Chiral Center (Values Are in A and Degrees)
a Absolute configuration of the obtained produéWwith respect to ex0 endo
separated catalysborane complex and ketoestéFS not found.
Bi—N 1.615 1.616

Table 14. Some Geometrical Parameters of Transition Structures B>—N 1.586 1.589
Predicted for Model Reactions F and G: 3(R or S) — BH3 + 5 (in B1—04 1.644 1.643
A and Degrees) (For 5, Smaller and Larger Groups Are Assumed B,—0s 1.561 1.563
To Be Rs = COOMe and R = Pyranosyl Group) Co—0O1 1.428 1.435

model reaction F: 3(R) = BH; + 5 model reaction G: 3(S) —BH3; +5 (H:Ezngl élogS 712)9;1

top face (o-attack) bottom face (o-attack)
exol  endol  exol endo/ exal endol  exol  endof a For the geometrical parameters considered in this table, see Scheme 4.

syn syn® anti ant syn  syn®  anti anti
By-H 1.235 1.238 1.245 1.231 1.240 1.240 Table 16. Summary of Predicted Selectivities for the Reaction
HeC, 2122 2032 2074 2132 2.067 2.081 Models Considered in This Work
G0 1.244 1.249 1.245 1.247 1241 1251 reaction catalyst ketoester main product de, %
NB1 1.595 1.587 1.614 1.597 1.07 1.606
NB, 1.623 1.618 1.623  1.627 1.623 1.623 A 1(S) 4 R 75.7
Oy+B;  1.698 1711 1609  1.668 1.676 1.613 B 3(S) 4 R 82.8
Oy+H 2546 2375 2524 2515 2.621 2.392 c 2 5 R 89.5
C,0B; 12838 131.4 130.30 129.8 130.8 129.4 D 1(R) 5 R 251
C,0:B:C; —53.1 —61.5 168.10 55.7 58.3 179.2 E 1(S) 5 R 94.2
CsC,0;B; 43.2 —155.0 147.6 —45.1 148.0 —164.8 F 3(R) 5 S 97.0
0,CsC,0; —120.0 —107.7 —178.34 —85.0 175.8 —106.5 G 3(S) 5 R 73.2
CsC4C0; 180.0 172.5 —-102.45 152.7 —94.1 173.8
0,C.C,Cs 72.0 55.3 52.3 66.4 58.0 55.6

favors R product, but the catalyst favors S product (mix-matched
pairsf® and a competition exists. In the case of reaction D that
involves the simplesL(R) catalyst structure, our calculations

aFor the geometrical parameters considered in this table, see Scheme 5
bTS not found.

Scheme 8 suggest that the leading effect is that arising from the chiral
Ph ketoester, since major R product is predicted. In contrast, in
—O._ /Me reaction F, wher&(R) is used, the asymmetry induced by the
| -5 glucidic moiety is less pronounced than the oxazaborolidine
Ph N o F|‘S effect and S product is mainly obtained.
— B L ) Comparison of the experimental data reported by Coutrot et

al.3 for the galactose derivative in Table 1 with the results in

Table 16 for our most realistic model (reactions®) indicates

a very good agreement. The computations correctly predict the

major product configuration as well as the larger value of

diastereomeric excess when the R catalyst is used. The compari-

son of experimental data with the model reactiorsEDsuggests

' that 1 is probably too simple a model of the oxazaborolidine
catalyst used in the experiments and that such a model seems
unsuitable to account for all key interactions.

favor S product configuration). Second, reaction C shows that
the intrinsic asymmetric induction of the glycosyl derivatbve
leads to major R product formation.

From the previous data one may try to obtain a qualitative
prediction of the double asymmetric induction. In other words
one would like to predict the major product configuration
resulting from the reaction of the glycosyl derivatievith a
chiral oxazaborolidinel(or 3). In principle, the answer is simple
if one assumes S-type catalysts, since, in that case, both the. Conclusions
ketoester and the catalyst favor R product formation (matched
pairs)?® Unsurprisingly, major R product is obtained for
reactions E and G.

Prediction of the stereoselectivity for the reductiorbafith
R-type catalysts is less straightforward. Now, the ketoester

One of the striking results of this work is that glycosyl
o-ketoesters do not behave as “normal” ketones when reduced
in the presence of oxazaborolidine catalysts. The general picture
of this process is that diastereoselectivity is determined by the
relative stability of exo/syn and exo/anti transition structures.

(98) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, LARgew. Chem., Int. In Corey’s model, exo/syn orientation is favored, and major
Ed. Engl.1985 24, 1. . o ;

(99) Douglas, A. W.. Tschaen, D. M.: Reamer, R. A.; Shi, YFdtrahedron: product configuration |s_deduced from |_t. In the case of glycosyl
Asymmetry1 996 7, 1303. a-ketoesters, such a simple scheme is no longer valid due to
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the low flexibility of the ester group. It may happen that a larger ~ Finally, our results show that endo transition structures are
group, such as the galacto-derivative considered in this work, possible although they are less stable than the corresponding
exhibits greater flexibility and plays the role of the “smaller” exo ones. Both endo transition structures (syn and anti) have
group. In such a case, the ketone will preferentially coordinate been located with the simple catalyistout when methyl groups
in anti orientation, and the diastereoselectivity will be the are placed on the C-5 atom (catal@f some endo structures
opposite of that predicted by means of the standard model. Thisare missing. One may expect that, in the CBS catalyst, in which
result is not limited to glycosyl derivatives and might apply to phenyl groups are linked to the C-5 atom, endo structures will
other ketoesters. become very unfavored or even impossible due to steric
When considering a glycosyl-ketoester, the chirality of the  repulsion with the large glycosyl-ketoester molecule. In that
glucidic moiety has to be taken into account. The present study case, the diastereofacial selectivity of the catalyst will be
shows that the intrinsic asymmetry induction of the galacto-  basically governed by exo/syn and exo/anti conformations of
ketoester considered is of the same order of magnitude thanthe transition structures.

that due to a simple chiral oxazaborolidine catalyst. The  acknowledgment. The authors acknowledge the CNRS
pyranosyl group asymmetry favors formation of R product. The compytational center CINES (Montpellier, France) for compu-
S-(R-)catalyst favors R(S) product. The final diastereoselectivity i5tional facilities (Project Ict2550).

is a nonadditive combination of both effects.

Another noticeable result is that the catatySbrane-ketone
complex envisaged in the usual model is predicted to be
unstable. It dissociates into a catatybbrane complex and
ketone. This has been pointed out in previous papers dealing
with related systems. JA031778Y
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of all structures, lowest frequencies of vibration (PDF). This
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