Tetrahedron Vol. 48, No. 21, pp. 4439-4458, 1992 0040-4020/92 $5.00+.00
Printed in Great Britain © 1992 Pergamon Press Lid

Diastereofacial Selectivity in the Aldel Reactions of Chiral
a-Methyl Aldehydes: a Computer Modelling Approach.1

Cesare Gennari®®, Siegfried Vietha, Angiolina Comotti2, Anna Vulpettia,
Jonathan M. Goodmanb, Ian Paterson®

(a) Dipartimento di Chimica Organica e Industriale, Universit di Milano, Centro CNR per lo Studio delle Sostanze Organiche
Naturali, via Venezian 21, 20133 Milano, Italy. (b) University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, UK.

(Received in UK 3 March 1992)

Abstract: Transition state modelling of the aldol reaction of Z enol borinates with chiral o-methyl aldehydes
(see Schemes 4 and 6) suggests that three transition structures (F,AF,R) play a dominant role in
controlling n-facial selectivity. The "Felkin” structure (F) is characterized by Me-CH---C(0)-C* and CH---
C(0)-C*-Me dihedral angles of about -60%-65° and +100°. The "Roush” structure (R) has values of -60°/-65°
and $175°180°, while the "Anti-Felkin" one (AF) has values of +60°/+65° and about +50°. Our analysis
suggests that nonbonded interactions play the most important role in determining aldehyde diastereofacial
selectivity in the reactions with Z enolates, and that stereoelectronic effects are possibly overridden by steric
effects. Reactions with aldehydes bearing relatively small and "flat” substituents (Ph-, H2C=CH-, Me2C=CH-}
are 3 .4-syn selective ("Felkin" selective) while reactions with aldehydes bearing bulkier groups (various alkyls)
are 34-anti selective ("Anti-Felkin” selective) (see Tables 1 and 2). This result is essentially due to
destabilization of both (F) and (R) structures. In particular, in order to relieve strain-energy structure (F) opens
the CH---C(Q)-C*-Me dihedral angle from +60° to ca. +100°. In this way the bulky substituents (alkyls) are
pushed towards the aldehyde hydrogen. In the (AF) structure the CH---C(0)-C*-Me dihedral angle is around
+50°and the [aldehyde hydrogen - alkyl] interaction disappears. Enolate aggregation and chelation effects in the
case of lithium enolates can possibly explain discrepancies observed between lithium and boron enolates and
between the experimental ratios and the force field-predicted ratios.

The aldol reaction has proven to be a very powerful method for the stereocontrolled synthesis of
acyclic molecules. The relationship between enolate geometry and product stereochemistry (i.e. simple
stereoselection) is well established, and several classes of highly enantioselective chiral enolates have been
developed for use in asymmetric aldol reactions. As part of a theoretical study of aldol stereoselectivity using
transition state modelling, we recently described the development of a force field model for the aldol reactions of
ketone derived enol borinates with aldehydes.28:b This force field is based on MM2, and on new parameters
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developed from ab initio calculations on the cyclic transition structures (chair and boat) and from trial and error
optimization.22 The model reproduces the simple stereoselection of the aldol reaction (Z enolates give syn aldols,
E enolates give anti aldols with lower selectivity) and the aldehyde si : re selectivity for the syn selective aldol
reactions of a range of chiral Z enol borinates 1 and 2 (Scheme 1). The use of this force field approach for
rationalizing the observed stereoselectivity of various chiral Z enol borinates in synthetically useful aldol
reactions has been discussed in detail 2b

In spite of the synthetic and theoretical attention devoted to this process, the factors that determine
aldehyde diastereofacial selectivity in reactions of achiral enolates and chiral aldehydes are less well understood
(Scheme 2). Diastereofacial selectivity is usually rationalized by invoking either the Felkin-Anh or the Cram
chelate transition state models.3 However, it has been noted that the Felkin-Anh model fails to properly
rationalize the results of many aldol reactions involving Z enolates and chiral a-methyl aldehydes (Scheme 2,
Table 1).34 Mechanistically related reactions of (Z)-crotylboronates with chiral a-methyl aldehydes also
experience the same failure. Evans,33 Hoffmann,* and Roush’ have developed a qualitative transition state model
for this situation, concluding that the anti-Felkin behaviour of the (Z)-crotylboronates is a consequence of
destabilizing double gauche pentane interactions in the usually favoured Felkin-Anh transition structure.
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The extension of this model to the aldol reaction of boron Z enolates was predicted by Evans in
1982, although experimental results were not available at that time.32 Recently, Rousn analyzed the
diastereofacial selectivity of the aldol reactions of chiral o-methyl aldehydes with propionate and ethyl ketone
derived lithium and boron enolates.3¢ While E enolates usually provide the diastereoisomer predicted by the
Felkin-Anh model,$ Z enolates preferentially provide the anti-Felkin one3¢-31.7.8.9 (see also Table 1). Although
chelation has often been invoked to explain these anomalous results,3¢.70:8.b there are many cases where
chelation is not applicable, i.e. the absence of a chelating group, the presence of a protecting group known to
shield from chelation (such as TBDMS), use of a boron enolate which is incapable of further coordination after
complexation with the aldehyde carbonyl group. Roush concludes that “the dominant stereocontrol element that
determines aldehyde diastereofacial selectivity is the minimization of gauche pentane interactions in the competing
cyclic, chairlike transition states.”>¢ Transition structures A, B, and C were proposed for the aldol reaction on Z
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enolates and chiral o-methyl aldehydes (Scheme 3). According to Roush, transition structure A (the "normal”
Felkin TS) is heavily destabilized by the presence of a (+/-) double gauche pentane interaction between the
methyl of the enolate and that of the aldehyde, and should not be considered. When R is smaller than Me,
transition structure B (the "Roush” TS) is favoured over C (the Anti-Felkin TS), and the reaction is 3,4-syn
selective. When R is bigger than Me, transition structure C (which features a +60°, +60° [Me-Me] pentane
interaction) is favoured over B (which features a -60°, -60° [Me-R] pentane interaction), and the reaction is 3,4-
anti selective (Scheme 3).5¢ Consistent with this analysis, the 3,4-anti :syn ratio depends on the C : B ratio,
and therefore on the steric requirements of R relative to Me.

While this model accounts for many experimental results, it is not completely satisfactory. For
example, TS A should have different ways to relax the (-60°, +60°) double gauche pentane interaction other than
a 120° rotation around the O=C-Cq single bond to provide TS B. In this paper, we provide a quantitative
analysis of the accessible transition structures using our force field approach. This suggests that competition
among structures analogous to A, B, and C (and other less important ones) determines the aldehyde
diastereofacial selectivity.

Table 1. Experimental results.®

2,3-syn 2,3-anti-3,4-syn

Aldehyde R 34-syn  3,4-anti % M Rl
Ref.

3 Ph 81 19 - Li C(Mep)OSiMes b
Ph 89 11 5 Be SPh d
Ph 86 14 4 Be Et f

4 CH,;=CH 75 25 - Li C(Me2)OSiMes3 g

5 Me;C=CH 94 6 - Li C(Me3)OSiMe3 h

6 MeO,CCH(Me)CHai 45 55 - Bi SPh k

7 c-CeHny 27 73 - Li C(Me;3)0OSiMes3 k
c-CeH11 14 86 9 Be Et f

8 PhCH,OCH; 33 67 - Li C(Me3)OSiMe3 h
PhCH,0OCH, 35 65 14 Be E f

9 AcOCH, 23 77 - Li C(Me2)OSiMes h

10 TBDMS-OCH> 21 79 - Li C(Me2)OSiMes h
TBDMS-OCH; 46 54 7 Be Et f

11 90 | 0 100 : Bi  SPh m

3R; 3,4-syn; 3,4-anti; M; R1 are referred to Scheme 2. PRef. 7a. CB(OCHy)2 enolate. IRef. 17. °B(n-Bu) enolate. fThis paper.
8Ref. 7. MRef. 7c. iConfiguration of the two stereocentres: 2S, 4R. J9-BBN enolate. kRef. 8d. IConfiguration of the three
stereocentres: 28, 3R, 4S. ™Ref. 9b.
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Scheme 3
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Resuits and Discussion

The destabilization known to arise in conformations in which two consecutive dihedral angles assume
the values of -60° [-g (-gauche) or -sc, (- syn-cliral)] and +60° [+g (+ gauche) or +sc, (+ syn-clinal)]
respectively, is more generally known as the (+/-) double gauche pentane interaction.10 This interaction, for
instance, occurs in the diaxial conformer of cis-1,3-dimethyl cyclohexane, and causes a destabilization of more
than 5 kcal mol-! compared to the diequatorial form (Figure 1).

Figure 1. Cis-1,3-dimethylcyciohexane

180° Me
(tap) 0 (59) | Mo
“Ter/
180° (2ap) g +60° (+sC)
0.0 kcal/mol > + 5 kecal/mol

This high energy 1,3-dimethyl interaction is also possible in acyclic systems. Thus 2.4-
dimethylpentane prefers conformation (D) by approximately 1.9 kcal/mol (according to MM2 force ficld)
compared to (+/-) double gauche destabilized conformation (E) (Figure 2). The 1.9 kcal/mol penalty for the
double gauche pentane interaction is substantially less than that associated with the similar interaction in cis-1,3-
dimethylcyclohexane and results from the ability of the acyclic structure to relax in ways not accessible to the
cyclic structure.
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Figure 2. 2,4-Dimethylpentane
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Double gauche pentane itself appears even more capable of dissipating the steric interaction between
the terminal methyls and opens one of the CHz-CH2-CH3-CHj3 dihedral angles to approximately 90° to relieve
strain.1! In fact (+/-) double gauche pentane is only 0.9 kcal/mol less stable than (-60°, -60°) pentane by MM2
(Figure 3).

Figure 3. Double gauche pentane
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It is conceivable that a transition structure like A (Scheme 3), possessing a rather long C-C forming
bond would be able to relax in a similar way, i.e. by opening the C--C(=0)-C-Me dihedral angle to +90°/+100°.

Table 2. Predictions based on computer modelling.2

Aldehyde R 3,4-syn 3,4-anti M RI!
3 Ph 84 16 Bd  Me
4 CH,=CH 67 33 Bd M
5 MeyC=CH 63 37 Bd Me
6 MeO,CCH(Me)CH,b 44 56 Bd Me
7 c-CgHpa 32 68 BI M
8' i-Pr-CHyOCH¢ 36 64 Bd  Me
9 AcOCH; 27 73 B M
10 TBDMS-OCH; 44 56 B4  Me

o _0O
11 X e 22 78 Bd M

aR; 34-syn; 34-anti; M; R1 are referred to Scheme 2. bConﬁgm'alion of the two stereocentres: 28, 4R, Ci-Pr-CHoOCH2 was
used instead of Ph-CHyOCH>. 9Dimethyl boron enolate. *Configuration of the three stereocentres: 28, 3R, 4S.
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Using the parameters developed in our earlier work,22 and three new additional parameters which
will be discussed in the following text, MacroModel!2 was used to generate accessible transition structures for
the boron-enolate aldol reaction of interest (vide infra the Section on Computational Methods). A detailed
transition structure analysis and prediction of the 3,4-syn : 3,4-anti ratios was obtained for all the aldehydes (3-
11) reported in Table 1 (see Table 2). The good agreement between experimental and calculated ratios is self
evident by comparing the results shown in Table 1 and 2. Aldehyde 3 is a particularly simple and explanatory
case which is discussed first. The lowest energy transition structures are shown in Scheme 4. The Felkin-type
structure (F) is characterized by the opening of the CH---C(Q)-C*-Me dihedral angle from +60° to 101°, and is
the absolute minimum of the computer search. The second structure (+0.30 kcal/mol) is a Roush-type structure
(R). Both these structure lead to the major 3,4-syn aldol. The third structure (+0.53 kcal/mol) is an Anti-Felkin-

Scheme 4-Transition structures for aldehyde 3.

Me-CH--—-C(O)-C* CH----C{0)-C*-Me Type: F Me-CH----C(O)}-C* CH----C(O)-C*-Me Type: R
£4° +101° Energy: 0.0 kcal/mol 84° -167° Energy: 0.30 kcal/mol

aldehyde stereogenic

Me-CH----C(0)-C* CH--—-C(0)-C*-Me Type: AF
+62° +54° Energy: 0.53 kcal/mol
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type structure (AF) and leads to the minor 3,4-anti product. Two other structures were found within the first 2.5
kcal/mol, but they are comparably higher in energy ( +1.64, +1.69 kcal/mol) and less important in the
Boltzmann distribution. The same kind of results were obtained for the vinyl substituted aldehydes 4 and § (for
details see Table 3 in the Computational Methods Section). Before discussing the meaning of these results we
describe the new parameters which were introduced into the force field.

Additional force field parameters.

In addition to the parameters developed in our earlier work,23 the C=C-C-H and C=C-C-C torsional parameters
developed by Houk, Hoffmann and Broeker!3 were implemented in the force field to treat the vinyl substituted aldehydes 4 and 5.
Therefore the C=C-C-H torsional parameters were assigned values of V1= 0.00; V2=0.00; V3= -0.30 and the C=C-C-C values of
Vi=-0.54; V2=0.44; V3= -0.60.13 These new parameters improve the way MM2 reproduces the ab initio potential energy surfaces
for rotation about the allylic bond of a series of alkenes.!3 The C----C(=0)-C*-C(sp>) torsional parameters were assigned values of
V1=0.5; V2=0.0; V3=0.0. These parameters were set to reproduce the relative stability of the various diastereoisomeric transition
structures for nucleophilic additions to propionaldehyde and isobutyraldehyde, derived from the ab initio calculations of Houk,142
Paddon-Row, and coworkers.14b.¢ According to these investigators the most stable conformer in the nucleophilic additions to
propionaldehyde is the one with the methyl inside (e.g. 12 or 13) and H anti. The preference for the inside alkyl rotamer is
determined in our force-field by the original MM2 torsional parameters of the aldehyde (e.g. Clsp3]-Clsp3]-C=0),14d which were left
unchanged. Houk's calculations also show that when the a-carbon is secondary (e.g. with isobutyraldehyde), the preferred transition-
state geometry has one anti alkyl and one inside (as in 14), because when alkyls are placed inside and outside, they cannot
simultaneously achieve their preferred dihedral angles.142

. (inside)
OMe Ofia~Met O Me
H H "‘til Me
“*Nu U (ant) “*Nu
HH HH H H outside)
12 13 14

The C----C(=0)-C* -C(sp3) torsional parameters were determined using as model-structures those reported in Scheme
5, which lack a Z methy] substituent on the enolate and therefore cannot generate (+/-) double gauche pentane interactions.

Scheme §

(outside) H M ‘(anri)
(inside) Me 0.0 kcalmol
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A torsional one-fold barrier of 0.5 (V1=0.5) was found to be appropriate and gave rise to the energy distribution reported in Scheme
S. When these torsional parameters were set to zero (V1=0.0; V2=0.0; V3=0.0) the structure with the two methyls in the inside and
outside positions gave the lowest energy, while the inside - anti structure was 0.17 kcal/mol higher. It is worth noting that when the
C-—--C(=0)-C‘-C(sp3) torsional parameters were st to 0.0, 0.0, 0.0, both the overall sense and the degree of selectivity did not
substantially change in comparison with the values reported in Table 2. Note also that only the Felkin-type structure (F) has the
proper inside - anti geometry (i.e. 14), while the Roush (R) and Anti-Felkin (AF) structures have the substituents ansi and outside.

On the basis of the present results and discussion we agree with Roush that nonbonded interactions
play the most important role in determining aldehyde diastereofacial selectivity in the reactions with Z enolates,
and that stereoelectronic effects can be overridden by steric effects.5¢ We disagree that the Felkin transition
structure (F) is ruled out by the (+/-) double gauche pentane interactions, because (F) can relax by opening the
CH---C(O)-C*-Me dihedral angle from +60° to ca. +100°. It is interesting to observe that in the case of aldehyde
5, the Roush structure (R) is destabilized by the -60°, -60° (Me - CH=CMe -62°, -46°) interaction and is only
third in energy (+0.26 kcal/mol) after the Anti-Felkin (AF) (+0.15 kcal/mol) and the Felkin (F) (0.0 kcal/mol).
In this case, although the quantitative agreement is only moderate, the 3,4-syn selectivity of aldehyde 5 can be
ascribed to the (F) structure.

Why does the selectivity reverse in changing from the relatively small and "flat" Ph-, H2C=CH-,
MeC=CH- (aldehydes 3-5) to various alkyl groups (aldehydes 6-11)15 and the 3,4-anti product predominate?
Let us examine the case of aldehyde 7 (R=c-CgH}1, Scheme 6), where the (AF) structure is calculated to be
lowest in energy (0.0 kcal/mol), with the (F) structure of higher energy (+0.42 kcal/mol).

Scheme 6-Transition structures for aldehyde 7.

dehyde stereogenic
Ny G contre (C")

C-C forming bond

Me-CH-—-C{O)-C* CH-—C(O)-C™-Me Type: AF Me-CH-——C{O}C* CH--C(O)-C*Me Type: F
+64° +50° Energy: 0.0 keal/mol £4° +98° Energy: 0.42 kcal/mol
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H-H distance: 2.24 A

aldehyde siereogenic
centre (C*)

Me-CH—-C(O)-C* CH----C(O)-C*-Me Type:R
£3° -176° Energy: 0.52 kcal/mol

In order to relieve strain-energy the (F) structure opens the CH---C(0)-C*-Me dihedral angle from +60° to +98°.
In this way the bulky cyclohexyl is pushed towards the aldehyde hydrogen. In the (AF) structure the CH---
C(0)-C*-Me dihedral angle is around +50° and the [aldehyde hydrogen-c-CgHj1] interaction disappears. It is
obvious that the Roush structure (R) (+0.52 kcal/mol) is destabilized by the -60°, -60° (Me - c-CgH11 -63°, -48°)
interaction, which is now more important because of the greater size of the cyclohexyl group.

The results of Table 1 clearly show that when the ketone derived Z boron enolates are 2,3-syn-3,4-
anti selective there is a relatively large fraction of the reaction mixture which is represented by the 2,3-anti-3,4-
syn diastereoisomer (up to 25% in the case of aldehyde 15, Scheme 8). A possible explanation is that, as the
transition structures accessible to the Z enolate (AF, F, R) are all destabilized to a certain extent for the above
mentioned reasons, the Z enolate becomes less reactive than the E enolate which has access to the preferred
Felkin transition structure without any (+/-) double gauche pentane interaction (Scheme 7). As a result, the E
enolate originally present at -78°C (about 3%) plus the amount possibly formed due to enolate equilibration at a
higher temperature during the reaction (-78/0°C), adds to the aldehyde at a good rate, while the Z enolate gives
the condensation product at a lower rate and in a lower yield. Overall the reaction becomes quite sluggish,
condensation yields are moderate (45-75%), and the different reactivity of the two enolates (E and Z) is thus
probably responsible of the 2,3-syn : 2,3-anti ratios observed.

Scheme 7
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Not all the reactions examined can be analyzed in such a straightforward way as discussed above. In
many cases the balance between the various structures (F, AF, R) is very subtle and there is a large number of



4448 C. GENNARI et al.

different conformations to be considered within the first 2.5 kcal/mol (see Table 3 in the Computational
Methods Section). Nonetheless, it is always clear that all three structures (F, AF, R) play an essential role for
determining the reaction stereoselectivity. While our force-field approach correctly predicts the ni-facial selectivity
of various aldehydes (cf. Table 1 and 2), the quantitative prediction of the experimental 3,4-syn : 3,4-anti ratios
is relatively inaccurate in some cases. This may be because some of the experimental results were obtained with
lithium enolates, which are known to exist in solution as aggregates.16 This important feature was not considered
in our analysis. It is also possible that chelation effects, due to the presence of polar substituents in either the
enolate or the aldehyde, could alter the stereochemical course of aldol reactions involving lithium enolates.

In the case of aldehyde 15 our analysis predicted the correct aldehyde x-facial selectivity when
compared to the reaction with a boron enolate, and the incorrect n-facial selectivity when compared to the
reaction with a lithium enolate. This is shown in Scheme 8.

Scheme 8
Me Me Me Me Me
Meo,c”~ ! Meo YR meo c’\/-\H\;rR
2 = 2
: o] OH O OH O
15
2,3-syn-3,4-syn 2,3-syn-3,4-anti
Lithium enolate,® R=Bu' 74 26
Boron enolate [-B(OCH,)2)> R=SPh 45 55
Boron enolate [-B(C4Hg-n)2],%° R=Et 40 60
Predicted (Me2B enolate),° R=Me 23 77

“Ref. 7a,b. °Ref. 17. °This paper. 9 2,3-Anti-3,4-syn diasterecisomer is 25% of the
mixture, see Experimental.

Another interesting case is shown in Scheme 9, an application of Masamune’s "reagent control"
through the use of a chiral enolate.18 Aldehyde 6 has a modest intrinsic preference for the 3,4-anti
diastereoisomer (1.2-1.3:1, see Table 1 and Table 2). Using the chiral (S)-enolate, which is independently
acting in favour of the 2(R),3(S) stereochemistry present in the 3,4-anti isomer, the selectivity is matched and the
ratio is > 100:1. Using the chiral (R)-enolate, which is independently acting in favour of the 2(S),3(R)
stereochemistry present in the 3,4-syn isomer, is correspondingly mismatched and the product ratio is reduced to
30:1. This complex example was modelled using our force field, and the results were in good agreement with the
experiment (Scheme 9). This demonstrates that using this approach, we are able to predict both the sense and
degree of stereochemical control in boron aldol reactions between chiral ketones and chiral aldehydes, identifying
which of the two partners is dominant.18
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Scheme 9
Me Me Me Me Me Me Me Me
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MeO-CTr) () MO LYY MeoC
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'BuMe,Si0” “H
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'BuMe,Si0” “H
R= (S)  Predicted (M8 enolate) 1 30.0
'BuMe,SiIO” H
R- YR Predicted (Me2B enolate) 12.7 1
BuMe,SiO” “H

Conclusions

In summary, our force field approach suggests that three transition structures (F, AF, R) play a
dominant role in controlling n-facial selectivity in Z enolate additions to chiral o-methyl aldehydes. The "Felkin"
structure (F) is characterized by Me-CH---C(0)-C* and CH---C(0)-C*-Me dihedral angles of about -60°/-65°
and +100°. The "Roush" structure (R) has values of -60°/-65° and £175°/180°, while the "Anti-Felkin" one (AF)
has values of +60°/+65° and about +50°. Our analysis suggests that nonbonded interactions play the most
important role in determining aldehyde diastereofacial selectivity in the reactions with Z enolates, and that
stereoelectronic effects are possibly overridden by steric effects. Reactions with aldehydes bearing relatively
small and "flat" substituents (Ph-, HoC=CH-, Me2C=CH-) are 3,4-syn selective ("Felkin" selective) while
reactions with aldehydes bearing bulkier groups (various alkyls) are 3,4-ansi selective ("Anti-Felkin"
selective).15 This result is essentially due to destabilization of both (F) and (R) structures. In particular, in order
to relieve strain-energy structure (F) opens the CH---C(O)-C*-Me dihedral angle from +60° to ca. +100°. In this
way the bulky substituents (alkyls) are pushed towards the aldehyde hydrogen. In the (AF) structure the CH---
C(O)-C*-Me dihedral angle is around +50° and the [aldehyde hydrogen - alkyl] interaction disappears. Enolate
aggregation and chelation effects in. the case of lithium enolates can possibly explain discrepances observed
between lithium and boron enolates and between the experimental ratios with lithium enolates and the force field-
predicted ratios. Using our approach we are able to predict the stereochemical outcome of reactions between
chiral ketones and chiral aldehydes, and to indicate which of the two partners is controlling the stereoselectivity
of the process.18
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Computational Methods

Using the parameters developed in our earlier work,22 MacroModell2 was used to generate
accessible transition structures for the boron enolate aldol reaction of interest. The conformational space was
searched with the Still-Chang-Guida usage-directed torsional Monte Carlo search!? as implemented by the
BATCHMIN program.20 In selected cases, we tested for the presence of boat transition structures by including
all rotatable bonds of the transition structure "core." Boats were found te be unimportant, because of their high
energies relative to the chairs. Two separate Monte Carlo runs were necessary: one with attack at the aldehyde si-
face (with chiral aldehydes with S absolute configuration this corresponds to the "Felkin" attack) and the other
with attack at the re-face (with chiral aldehydes with S absolute configuration this corresponds to the "Anti-
Felkin" attack). An alternative procedure made use of Multiconformer2! using a 30° or 60° resolution for each
dihedral angle. The two methods usually gave comparable results and were used in concert to make sure that our
conformational analysis was not dependent on the search method used.22 The transition structures found by
these searches were analyzed by a Boltzmann distribution at -78 °C of the various conformers (within 2.5 kcal
mol-1) leading to each of the possible aldol stereoisomers (see Table 3 for details). The force field calculations
predicted essentially complete syn selectivity for Z enolates (cf. experimental syn : anti > 95:5), i.e. the chair
pathway dominates over the boat. The predicted Felkin : Anti-Felkin (3,4-syn : 3,4-anti ) ratios are shown in
Table 2, Scheme 8 and Scheme 9.

Table 3. Details of the most important TS found for each aldehyde.

Aldehyde 3 (5 Transition structures found within 2.5 kcal/mol).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(O)-C*-Me Type/Energy Me-CH---C(0)-C*  CH---C(0)-C*-Me
Type/Energy
_&0

+101° F 000 +62° +54° AF 053
-64° -167° R 030 +68° 99 - 1.64
+64° +143° - 1.69

Aldehyde 4 (16 Transition structures found within 2.5 kcal/mol; first 6 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(O)-C*-Me Type/Energy Me-CH---C(0)-C* CH---C(0)-C*-Me
Type/Energy
_630

+101° F 0.00 +62° +52° AF 020
-63° -170° R 015 +65° 98° - 0.77
-63° +100° F 062 +63° +50° AF 082

Aldehyde § (13 Transition structures found within 2.5 kcal/mol; first 6 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me  Type/Energy Me-CH---C(0)-C*  CH---C(0)-C*-Me

Type/Energy
-64° +103° F 000 +62° +52° AF 015
£2° -168° R 026 +67° 98° - 0.50

-63° +101° F 052 +62° +52° AF 073
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Aldehyde 6 (50 Transition structures found within 2.0 kcal/mol; first 6 shown).

3,4-syn selective-TS 3,4-anti selective-TS
Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C* CH---C(0)-C*-Me
Type/Energy
€2 -178° R 000 +64° +46° AF 025
£2° -177° R 007 +62° +52° AF 027
-64° +97° F 062 +64° +46° AF 033

Aldehyde 7 (15 Transition structures found within 2.5 kcal/mol; first 6 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C*  CH---C(O)-C*-Me

Type/Energy
-64° +98° F 042 +64° +50° AF  0.00
63° -176° R 052 +63° +53° AF 034
o4° +98° F 073 +64° +43° AF 083

Aldehyde 8' (47 Transition structures found within 1.65 kcal/mol; first 10 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C*  CH---C(0)-C*-Me

Type/Energy
63° -172° R 001 +64° +48° AF  0.00
-63° -172° R 0.07 +63° +H9° AF 001
63° -180° R 055 +63° +53° AF 001
-64° -172° R 057 +63° +53° AF 0.05
-63° +98° F 069 +63° +49° AF 014

Aldehyde 9 (46 Transition structures found within 2.5 kcal/mol; first 6 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C*  CH---C(0)-C*-Me

Type/Energy
65° +178° R 062 +63° +49° AF  0.00
63° +97° F 068 +63° +51° AF 007
-63° -178° R 070 +63° +50° AF 026

Aldehyde 10 (50 Transition structures found within 2.05 kcal/mol; first 6 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C* CH---C(0)-C*-Me

Type/Energy
65° -172° R 000 +63° +55° AF  0.09
“° -169° R 052 +63° +51° AF 046
©4° +96° F  0.69 +61° +56° AF 056

Aldehyde 11 (14 Transition structures found within 2.5 kcal/mol; first 8 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(O)-C*-Me Type/Energy Me-CH---C(0)-C* CH---C(0)-C*-Me
Type/Energy
_“0

+99° F 0.68 +64° +47° AF  0.00
65° +103° F 069 +67° -89° - 0.31
-68° 40° - 1.02 +64° +48° AF  0.81

62° -178° R 113 +62° +140° - 1.16
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Aldehyde 15 Scheme 8 (50 Transition structures found within 1.87 kcal/mol; first 6 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C*  CH---C(0)-C*-Me
Type/Energy
£62°

-178° R 096 +63° +47° AF  0.00
£2° -177° R 096 +64° +46° AF 0.63
-64° +100° F 100 +63° +47° AF 089

Aldehyde 6 - Scheme 9 - Reaction with S Enolate (33 Transition structures found within 1.89
kcal/mol; first 10 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0)-C*-Me Type/Energy Me-CH---C(0)-C*  CH---C(0)-C*-Me
Type/Energy
_650

+96° F 108 +66° 92° - 0.00
-66° +98° F 126 +67° 92° - 0.02
-67° +96° F 174 +62° +54° AF 027
-66° +99° F 183 +64° +56° AF 047
-66° -180° R 189 +70° 93° - 0.54

Aldehyde 6 -Scheme 9 - Reaction with R Enolate (58 Transition structures found within 2.00
kcal/mol; first 10 shown).
3,4-syn selective-TS 3,4-anti selective-TS

Me-CH---C(0)-C* CH---C(0O)-C*-Me Type/Energy Me-CH---C(O)-C* CH---C(0)-C*-Me
Type/Energy
_650

180° R 0.00 +69° 91° - 0.88
-65° -179° R 010 +64° +55° AF 110
-65° +97° F 0.l1 +69° +35° AF 110
66° +100° F 012 +65° +49° AF 121
67 +178° R 024 +64° +55° AF 140

Experimental Section

Diastereomeric mixtures relevant for the present study were synthesized by reaction of the Z-dibutylboron
enolate of diethyl ketone (n-BupOTf, i-PraNEt, CH2Cly, -78°C, Z:E 2 97:3)3 with various aldehydes
[RCH(Me)CHO, CH2Cl,, -78°C to -10°C] shown in Table 1 and in Scheme 8. All new compounds were
fully characterized by 'H- and 13C-NMR spectroscopy (reported), IR, MS, and elemental analysis (not
reported).

General Procedure for the Aldol Reaction. A dry flask, capped with a rubber septum and flushed with
nitrogen was charged with dichloromethane (4.4 ml) and cooled to -78°C. Dibutyl boron triflate (1.0 M solution
in dichloromethane, 2.36 ml, 2.36 mmol) was added dropwise under stirring. Diisopropylethylamine (0.82 ml,
4.72 mmol) and subsequently 3-pentanone (0.227 ml, 2.25 mmol) were slowly added. The resulting mixture
was stirred at -78°C for 30 min, then the appropriate aldehyde (2.5 mmol) was added dropwise. The reaction
mixture was stirred at -78°C for 30 min, then slowly warmed to -10°C and quenched pH 7 phosphate buffer (2
ml). Dichloromethane was evaporated under vacuum, the aqueous phase was extracted with Et2O (3 x 5 ml),
and the combined organic extracts were dried (Na2SO4) and evaporated. The residue was dissolved in MeOH
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_ (8.0 ml) and phosphate buffer (1 ml) at 0°C, and treated with 30% HzO2 (2 ml). After 2 h stirring at 0°C,
methanol was evaporated under vacuum, the resulting mixture was diluted with pH 7 phosphate buffer (2 ml)
and exwacied Wil TIPHTY 13 xS nil). The orgastiic shase was washed waln sawrared viine, &nted MRasSUGH vnd
SAPTIERS. TR TR Pl wis Tsd UiematvEn RS B B AR R v cunpuEas.

Assignment of aldo! product stereochemistry. 2,3-Anti : 2,3-syn and 3,4-anti : 3,4-syn ratios were
derermined by ‘H-NMR and YPCNMR speciroscopy {see ref. 3¢, 17, and 23). In e case of sdenyde 8, an
awthentic mixrare of the 2,3-syn-3,4-an and 2,3-anki-3,4-ani Gaswerecisomers {5743y was synithesized using &
method known w produce tiis mixture of dastereaisamers {see ref. 23). In the case of atdehvdes 8 aad 18, the
aldo! products were converted to cyclic compounds (16a-¢) which allowed for correct assignment of
stereochemistry from JH-NMR coupling constants. In the case of aldehyde 15 the aldol products were weated
with a catalytic amount of CF3COOR: only the 3,4-anti diastereoisomers cyclized to di-equatorially substituted
d-lactones (17, see ref. 7b, 17, 24). Details are reported in the following paragraphs.

Aldol addition to aldehyde 3 (R=Ph). IH-NMR (CDCl3, 3), selected data: 3.63 (ddd, CHOH, JcH.cH
= 4.9, 7.5 Hz; JcuoH = 7.5 Hz; 2,3-anti-3,4-syn; 4% of the mixture); 4.05 (ddd, CHOH, JcH-cH = 9.4, 2.2
Hz; JcHOH = 3.0 Hz; 2,3-syn-3,4-syn; 83% of the mixture); 4.22 (ddd, CHOH, JcH-cH = 8.9, 3.3 Hz; JcHOH
=3.0 Hz; 2,3-syn-3,4-anti, 13% of the mixture).

13C.NMR (CDCls, ), selected data: 7.31 (CH3; 2,3-anti-3,4-syn, minor), 7.47 (CHs; 2,3-syn-3,4-syn,
major), 9.19 (CH3; 2,3-syn-3,4-syn, major), 9.70 (CH3; 2,3-syn-3,4-anti, minor), 15.28 (CHs; 2,3-anti-3,4-
syn, minor), 16.88 (CHz; 2,3-anti-3,4-syn, minor), 18.30 (CHz3; 2,3-syn-3,4-anti, minor), 18.93 (CHjs; 2,3-
syn-3,4-syn, major);

34.42 (CHy; 2,3-syn-3,4-syn, major), 36.02 (CHy; 2,3-anti-3,4-syn, minor);

42.90 (CH; 2,3-syn-3,4-syn + 2,3-syn-3,4-anti, major), 44.20 (CH; 2,3-anti-3,4-syn, minor), 46.83 (CH; 2,3-
syn-3,4-syn + 2,3-anti-3,4-syn, major), 47.90 (CH; 2,3-syn-3,4-anti, minor);

75.08 (CHOH; 2,3-syn-3,4-syn, major), 75.42 (CHOH; 2,3-syn-3,4-anti, minor), 79.32 (CHOH; 2,3-anti-
3,4-syn, minor);

126.48 (CH=), 127.35 (2 CH=), 128.65 (2 CH=), 143.7 (C=; 2,3-syn-3,4-anti, minor), 144.11 (C=; 2,3-syn-
3.4-syn, major), 144.68 (C=; 2,3-anti-3,4-syn, minor);

217.10 (C=0; 2,3-syn-3,4-syn, major), 217.92 (C=0; 2,3-anti-3,4-syn, minor).

In this way a 2,3-syn-3,4-syn : 2,3-syn-3,4-anti ratio 86:14 was determined.

Aldol addition to aldehyde 7 (R=c-CgH11). IH-NMR (CDCl3, §), selected data: 3.88 (ddd, CHOH,
JcH-cH = 8.0, 2.6 Hz; IcHOH = 5.7 Hz; 2,3-anti-3,4-syn; 9% of the mixture), 3.86 (dd, CHOH, JcH-cH =
5.5, 4.4 Hz; 2,3-syn-3,4-syn; 13% of the mixture), 3.78 (ddd, CHOH, Jcu-cH = 10.0, 2.3 Hz; JcHOH = 2.7
Hz; 2,3-syn-3,4-anti; 78% of the mixture); 2.78 (dq, COCH, J = 8.0, 7.0 Hz; 2,3-anti-3,4-syn), 2.76 (dq,
COCH, J = 44, 7.1 Hz; 2,3-syn-3,4-syn), 2.66 (dq, COCH, J = 2.3, 7.1 Hz; 2,3-syn-3,4-antri); 1.15 (d,
CH3,J =17.1 Hz; 2,3-syn-3,4-syn), 1.10 (d, CH3, J = 7.1 Hz; 2,3-syn-3,4-anti), 1.10 (t, CH3, J = 6.8 Hz;
2,3-syn-3,4-syn), 1.10 (t, CH3, J = 7.0 Hz; 2,3-anti-3,4-syn), 1.07 (d, CH3, J = 7.0 Hz; 2,3-anti-3,4-syn),
1.07 (t, CH3, J = 7.0 Hz; 2,3-syn-3,4-anti), 0.94 (d, CH3, J = 7.1 Hz; 2,3-syn-3,4-syn), 0.90 (d, CH3,J =
7.0 Hz; 2,3-anti-3,4-syn), 0.70 (d, CH3, J = 7.1 Hz; 2,3-syn-3,4-anti).
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I3C.NMR (CDCl3, 3), selected data: 7.43 (CHz; 2,3-anti-3,4-syn), 7.50 (CH3; 2,3-syn-3,4-syn), 7.56 (CHa;
2,3-syn-3,4-anti, major), 8.27 (CH3; 2,3-syn-3,4-anti, major), 9.72 (CHs; 2,3-anti-3,4-syn), 10.52 (CHgs; 2,3-
syn-3,4-syn), 10.58 (CH3; 2,3-syn-3,4-anti, major), 10.78 (CH3; 2,3-syn-3,4-syn), 14.03 (CH3; 2,3-anti-3,4-
syn);

25.97 (CH2; 2,3-syn-3,4-anti, major), 26.52 (2 x CHp; 2,3-syn-3,4-syn), 26.53 (CHz; 2,3-syn-3,4-anti,
major), 26.79 (CHa; 2,3-syn-3,4-syn), 26.81 (CHy; 2,3-syn-3,4-anti, major), 26.93 (CHy; 2,3-syn-3,4-anti,
major), 27.84 (CHg; 2,3-syn-3,4-syn), 30.26 (CHa; 2,3-anti-3,4-syn), 31.07 (CHa; 2,3-anti-3,4-syn), 31.50
(CHy; 2,3-syn-3,4-syn), 32.00 (CHg; 2,3-syn-3,4-anti, major), 34.62 (CHz2; 2,3-syn-3,4-anti, major), 34.88
(CHg; 2,3-syn-3,4-syn), 35.83 (CH2; 2,3-anti-3,4-syn);

36.80 (CH; 2,3-syn-3,4-anti, major), 39.50 (CH; 2,3-syn-3,4-syn), 39.74 (CH; 2,3-anti-3,4-syn), 39.89 (CH;
2,3-syn-3,4-anti, major), 40.20 (CH; 2,3-anti-3,4-syn), 40.53 (CH; 2,3-syn-3,4-syn), 46.53 (CH; 2,3-syn-
3,4-anti, 78%), 47.93 (CH; 2,3-syn-3,4-syn, 13%), 48.90 (CH; 2,3-anti-3,4-syn, 9%), 71.20 (CHOH; 2,3-
syn-3.4-anti, 78%), 72.76 (CHOH; 2,3-syn-3,4-syn, 13%), 73.89 (CHOH; 2,3-anti-3,4-syn, 9%).

In this way a 2,3-syn-3,4-anti : 2,3-syn-3,4-syn ratio 86:14 was determined.

Aldol addition to aldehyde 8 (R=PhCH;OCH3). IH-NMR (CDCl3, §), selected data: 4.48 (s,
OCHPh, 2,3-syn-3,4-syn; 30% of the mixture); 4.52 (s, OCH2Ph, 2,3-syn-3,4-anti + 2,3-anti-3,4-syn,
70% of the mixture); 3.84 (ddd, CHOH, JcH.cH = 8.4, 3.25 Hz; JcuoH = 3.1 Hz; 2,3-syn-3,4-anti; 56% of
the mixture); 3.90 (m, CHOH; 2,3-anti-3,4-syn; 14% of the mixture); 3.91(dd, CHOH, JcH-CH = 6.6, 4.6 Hz;
2,3-syn-3,4-syn; 30% of the mixture); 2.76 (dq, CHCO, J=6.6, 7.0; 2,3-syn-3,4-syn).

I3C.NMR (CDCls, 8), selected data: 7.35 (CH3; 2,3-anti-3,4-syn, minor), 7.54 (CHs3; 2,3-syn-3,4-syn,
major) 7.60 (CH3; 2,3-syn-3,4-anti, major), 9.24 (CHs; 2,3-syn-3,4-anti, major), 9.92 (CH3; 2,3-anti-3,4-
syn, minor), 11.80 (CH3; 2,3-syn-3,4-syn, major), 12.47 (CHs; 2,3-syn-3,4-syn, major), 13.84 (CHg3; 2,3-
syn-3,4-anti + 2,3-anti-3,4-syn);

34.15 (CHy; 2,3-syn-3,4-anti, major), 34.98 (CHpy; 2,3-anti-3,4-syn, minor), 34.99 (CHz; 2,3-syn-3,4-syn,
major);

35.86 (CH; 2,3-syn-3,4-syn, major), 35.89 (CH; 2,3-anti-3,4-syn + 2,3-syn-3,4-anti), 48.22 (CH; 2,3-syn-
3,4-anti, major), 48.41 (CH; 2,3-anti-3,4-syn, minor), 48.70 (CH; 2,3-syn-3,4-syn, major);

73.19 (CH70; 2,3-syn-3,4-syn, major), 73.34 (CH20; 2,3-anti-3,4-syn + 2,3-syn-3,4-anti), 73.83 (CH20;
2,3-syn-3,4-syn, major), 74.26 (CH20; 2,3-syn-3,4-anti, major), 74.73 (CH20; 2,3-anti-3,4-syn, minor);
74.27 (CHOH,; 2,3-syn-3,4-syn, major), 74.90 (CHOH; 2,3-syn-3,4-anti, major), 75.43 (CHOH; 2,3-anti-3,4-
syn, minor);

127.57 (3 CH=), 128.30 (2 CH=), 137.83 (C=);

215.07 (C=0).

In this way a 2,3-syn-3,4-anti : 2,3-syn-3,4-syn ratio 65:35 was determined. An authentic mixture of the 2,3-
syn-3,4-anti and 2,3-anti-3,4-anti diastereoisomers (57:43) was synthesized from aldehyde 8
(R=PhCH20CH3) with TiCls and the (Z) dimethyl-z-butyl silyl enol ether of diethylketone (-78°C,
CH1Cl).25 13C.NMR (CDCls, 8), 2,3-anti-3,4-anti , selected data: 7.36 (CH3), 14.37 (CH3), 15.21 (CH3),
35.70 (CHp), 35.86 (CH), 48.81 (CH), 72.53 (CH20), 73.35 (CH20), 77.50 (CHOH). YH-NMR (CDCl3,
d), selected data: 4.50 (s, OCHPh).
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Aldol addition to aldehyde 10 (R=TBDMS-OCH3z). lH-NMR (CDCl3, 8), selected data: 3.86 (ddd,
CHOH, JcH-cH = 8.2, 3.0 Hz; JcHoH = 3.0 Hz; 2,3-syn-3,4-anti; 50% of the mixture); 3.92 (dd, CHOH,
JCH-cH = 6.5, 5.5 Hz; 2,3-syn-3,4-5yn; 43% of the mixture); 2.80 (dq, COCH, J= 6.5, 7.0 Hz, 2,3-syn-3,4-
syn).

I3C.NMR (CDCl3, 8), selected data: -3.74 (2 x CH3Si; 2,3-anti-3,4-syn, minor), -3.40 (2 x CH3Si; 2,3-syn-
3,4-anti, major), -3.38 (CH3Si; 2,3-syn-3,4-syn, major), -3.31 (CH3Si; 2,3-syn-3,4-syn, major), 7.30 (CH3;
2,3-anti-3,4-syn, minor), 7.48 (CHs; 2,3-syn-3,4-syn, major) 7.58 (CH3; 2,3-syn-3,4-anti, major), 9.09
(CH3; 2,3-anti-3,4-syn, minor), 9.21 (CHs; 2,3-syn-3,4-anti, major), 11.01 (CH3; 2,3-syn-3,4-syn, major),
12.70 (CH3; 2,3-syn-3,4-syn, major), 13.40 (CHz; 2,3-syn-3,4-anti, major), 13.92 (CH3; 2,3-anti-3,4-syn,
minor);

25.51 [(CH3)3C-Si; 2,3-anti-3,4-syn, minor), 25.67 [(CH3)3C-Si; 2,3-syn-3,4-syn, major), 25.69 [(CH3)3C-
Si; 2,3-syn-3,4-anti, major);

33.99 (CHz; 2,3-syn-3,4-anti, major), 35.01 (CHa; 2,3-syn-3,4-syn, major), 35.75 (CHz; 2,3-anti-3,4-syn,
minor);

36.06 (CH; 2,3-anti-3,4-syn, minor), 36.88 (CH; 2,3-syn-3,4-syn, major), 37.23 (CH; 2,3-syn-3,4-anti,
major), 48.66 (CH; 2,3-syn-3,4-anti + 2,3-anti-3,4-syn), 48.93 (CH; 2,3-syn-3,4-syn, major);

67.40 (CH20; 2,3-syn-3,4-anti, major), 67.89 (CH20; 2,3-syn-3,4-syn, major), 68.31 (CH2O; 2,3-anti-3,4-
syn , minor).

74.64 (CHOH,; 2,3-syn-3,4-syn, major), 75.36 (CHOH; 2,3-syn-3,4-anti, major), 75.85 (CHOH,; 2,3-anti-3,4-
syn, minor).

In this way a 2,3-syn-3,4-anti : 2,3-syn-3,4-syn ratio 54:46 was determined.

The 2,3-syn-3,4-anti compounds, originating from both aldehyde 8 (R=PhCH20CH}>) and aldehyde 10
(R=TBDMS-OCH}) were converted into the cyclic compound shown below (16a) by simple transformations
(8: H2/Pd-C/MeOH; 10: (a) n-BuyNF/THF; (b) MeOH/CsHgN+TsO"). Analogously, the 2,3-syn-3,4-syn
compounds were converted into 16b, and the 2,3-anzi-3,4-syn compounds into 16¢.

Compound 16a. 'H-NMR (CDCl3, 8), selected data: 3.87 (ddd, Hg, Jua-HB = 10.6 Hz; JcgoH = 5.3 Hz;
JuB-HC = 5.3 Hz), 3.76 (dd, Hp, Jyp-»yE = 11.3 Hz, Jyp.yc = 2.3 Hz), 3.43 (dd, Hg, Jyp-HE = 11.3 Hz,
JHE-HC = 1.6 Hz). 13C-NMR (CDCl3, 8): 8.21 (CH3), 9.87 (CH3), 11.06 (CH3), 26.16 (CHp), 34.89 (CH),
35.90 (CH), 46.79 (OCH3), 64.34 (OCH3), 71.41 (OCH), 103.66 (QCO).

Compound 16b. TH-NMR (CDCl3, 9), selected data: 3.52 (dd, Hp, Jyp-ug = 11.4 Hz, Jup-aC = 5.1 H2),
3.23 (t, HE, Jup.HE = 11.4 Hz, Jyg-uc = 11.4 Hz).
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Compound 16¢c. IH-NMR (CDCls, §), selected data: 3.85 (ddd, Hp, Jua.uB = 4.7 Hz; JcHoH = 4.7 Hz;
Jus-HC = 10.9 Hz), 3.54 (dd, Hp, Jup-HE = 11.0 Hz, Jyp-Hc = 5.3 Hz), 3.16 (t, HE, Jup-uE = 11.0 Hz, J4E-
HC = 11.0 Hz).

Aldol addition to aldehyde 15 (R=Me0O;C-CH2CH;-). After the usual work-up, the crude
condensation product was treated with a catalytic amount (5% mol) of CF3COOH in dichloromethane. After 40
min at room temperature, the mixture was evaporated at reduced pressure and the crude product flash
chromatographed (n-hexane-ethyl acetate 60:40) to give two diastereoisomeric 8-lactones. Major lactone
(17)(42%), stereochemistry: 2,3-syn-3,4-anti, IH-NMR (CDCl3, 5), selected data: 4.45 (dd, CHOCO, JcH-
CH = 3.4, 9.8 Hz). 13C-NMR (CDCl3, 8): 7.42 (CH3), 8.93 (CH3), 16.87 (CH3), 27.39 (CHp), 29.20
(CHg), 29.90 (CH3), 33.63 (CH), 47.79 (CH), 85.09 (CH-0), 170.77 (COO), 211.23 (CO). Lactone methine
H resonance in the IH-NMR spectrum of other similar compounds with 2,3-syn-3,4-anti stereochemistry: 4.43
(dd, CHOCO, Jcu-cH = 3.8, 9.5 Hz),2¢ 4.46 (dd, CHOCO, Jcu.ch = 2.0, 10.0 Hz),’® 4,51 (dd, CHOCO,
JcH-cH = 4.2, 8.9 Hz).17 Minor lactone (5%), stereochemistry: 2,3-anti-3,4-anti, TH-NMR (CDCl3, ),
selected data: 4.43 (dd, CHOCO, Jcu-cH = 2.2, 10.0 Hz). 13C.NMR (CDCl3, §): 7.52 (CH3), 12.54 (CH3),
15.14 (CHa), 26.33 (2 CHy), 27.04 (CH»), 35.40 (CH), 47.67 (CH), 82.98 (CH-O), 171.92 (COO), 212.50
(CO). The 3,4-syn compounds, both the 2,3-syn (28%) and the 2,3-anti (25%) were transformed under these
acidic conditions into the corresponding n-butyl esters (#-BuOH is present as side product of the #-BuzB-O-R
oxidative cleavage). 2,3-Anti-3,4-syn : 13C.NMR (CDCl3, 3), selected data: 7.47 (CH3), 11.10 (CHj3), 13.49
(CH3), 14.19 (CH3), 18.95 (CHy), 28.00 (CH»), 30.50 (CH3), 31.49 (CH3), 34.82 (CH2), 35.10 (CH),
47.71 (CH), 64.17 (OCHj), 74.10 (CH-O), 173.82 (COO). 2,3-Syn-3,4-syn : 13C-NMR (CDCl3, §),
selected data: 7.49 (CH3), 9.15 (CH3), 13.49 (CH3), 15.39 (CH3), 18.95 (CH3), 27.67 (CHp), 30.50 (CHy),
31.62 (CHy), 34.56 (CH3), 34.98 (CH), 47.01 (CH), 64.03 (OCHy), 74.49 (CH-0), 174.01 (COO).

In this way a 2,3-syn-3,4-anti : 2,3-syn-3,4-syn ratio 60:40 was determined.
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