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Chiral Induction in Photochemical Reactions - 15.1
Detection of Stereoelectronic Effects by Temperature
Dependent Measurements of the Diastereoselectivity in the
Photosensitized [2+2]-Cycloaddition

Norbert Hoffmann, Helmut Buschmann, Gerhard Raabe and Hans-Dieter Scharf*

Institut fiir Organische Chemie der RWTH Aachen
Prof.-Pirlet-Str. 1, D-52056 Aachen, Germany

Abstract:. The mechanism of the diastereoselection in the photosensitized [2 + 2]-cycloaddition reaction of ethylene
to 5-alkoxy-2(SH)-furanones is investigated. The dependence of product ratio on the reaction temperature as well as
on structural features of the enone system is measured. The structure dependent activation parameter differences
(AAH*, AAS™) obtained by this method (modified Eyring plot) are used as a tool to characterize the stereoelectronic
factors, which are responsible for the diastereoselection. In detail these factors involve: pyramidalization of the -
carbon, homoanomeric effect, and the steric requirements of the alkoxy substituent in the relaxed (31m‘)-excited
furanones.

Introduction

The mechanism of the [2 + 2]-photocycloaddition (photochemical formation of cyclobutanes) as well as its application
in natural product synthesis has been a well investigated topic for several years.2.3 We were interested in the stereo-
selection mechanism of the {2 + 2]-photocycloaddition of ethylene and 5-alkoxy-2(SH)-furanones. Recently we have
made use of this reaction in the synthesis of both enantiomers of grandisol, as well as several structural analogues.?
o, B—Unsaturated lactones may easily beexcited to the T, sate by photosensitization (Scheme 1).5.6In the presence of an
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Scheme 1: Mechanism of the photosensitized [2 + 2]-cycloaddition; sens: sensitizer, E: enone, O: olefin
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olefinic partner they form reversibly an exciplex according to the Corey-de Mayo mechanism. Hitherto in many cases
the exciplex is not directly detectable. Therefore in these cases many authors have assumed the direct formation of the
diradical from the excited enone.39-10 The 1,4-diradical intermediate can then recombine to form cyclobutanes.
Recently the diradicals have been be trapped by an intermolecular H abstraction from H,Se as hydrogen donor. 101n the
mechanistic cycle the exciplex as well as the 1,4-diradical intermediate may resplit to the starting products.

One of the subjects of our investigation is the relevance of these partial steps for the observed stereoselection. The
importance of selectivity dependence on the temperature, to detect the relevant factors of the mechanism was initiated
by Pracejus et al.1! for ground state reactions.

For the Paterno-Biichi reaction we have demonstrated, that depending on the different temperature region particular
steps of the mechanism control mainly the stereoselection.!+12 Information on the factors which influence the selection
are obtained from its temperature dependence. In this paper this instrument is applied to the diastereoselective photo-
sensitized [2 + 2]-cycloaddition of 5-alkoxy-2(SH)-furanones and ethylene (Scheme 2). These results as well as the
dependence of the product ratio on structural features give information on the stereoelectronic effects. Furthermore, the
stereoelectronic effects can be correlated to the activation parameters (AAH*, AAS™).
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Scheme 2: Competing stereochemical pathways of the photosensitized [2 + 2]-cycloaddition of ethylene to 5-alkoxy-
2(5H)-furanones.

Results

The furanones (Scheme 2) were irradiated with ethylene in acetone as solvent and sensitizer. The ratios of diastereomeric
cyclobutane products were determined by I3C-NMR spectroscopy as described in ref. 12a 15 order to enable an unique
interpretation of the results of all investigated systems (reaction partners) the product ratios were calculated according to
equation 1. The diastereomeric excess is now defined by equation 2 (I: signal intensity in the 13C NMR spectra).
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Figure 1: Modified Eyring plots for the diastereoselectivity of photosensitized {2 + 2]-cycloaddition of ethylene to 5-
atkoxy-2(5H)-furanones (see Scheme 2, equation 4).
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Furanones were used in racemic form. The diastereoselectivity obtained with racemic substrates is comparable with
that observed by using enantiomericaily pure substrates, since the interaction of chiral substrates and products is
negligible.!3 The diastereoselectivity is independent of the initial concentration and of the progress of the conversion.
The logarithms of the product ratios are plotted against the reciprocal of the absolute temperature (Figure 1). From this
plots the differences in activation parameters AAH* and AAS¥ for the overall reaction (Table 1) are calculated
(equation 3).14

In the temperature region investigated a linear dependence of the InP-values from T-1 is observed for all systems. This
is in remarkable contrast to the photo-oxetane formation, which have two linear functions with an inversion point of
selectivity (InP-values). The latter results could be explained in terms of the principle of isoinversion!2 as follows:
Enthalpy or entropy respectively dominates in a different temperature region, since the two relevant partial selection
steps were influenced in two different ways by the enthalpy (AAH¥) and entropy (AAS®).1:12 The selectivity observed
is controlled complementarily by the enthalpic and entropic contributions.

Thediastereoselectivity of the photocyclobutane formation however described in this paper depends predominantly on
the achiral substituent R. The influence of R”is only of minor importance despite the corresponding chiral centre (acetal,
position 5) is the origin of the stereoinduction. For furanones with R = H, Me (1A, 1B, 1C, 2A, 2B, 2C) the ul-attack
dominates (de-values > 0 according to equation 1, 2). In the case of 3A, 3B (R = Et) an inversion of the preferred
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Table 1: Activation parameter differences for the diastereoselective photosensitized [2 + 2]-cycloaddition of ethylene
to 5-alkoxy-2(5H)-furanones.

AAH* AAS*
kJemol-! Jomol-1K-1

R:H R': Me 1A -0.95 +3.97
R": Et 1B -1.61 +1.27

R":iPr 1C -4.19 -4.19

R: Me R': Me 2A +0.54 +5.35
R Et 2B +0.53 +5.59

R iPr 2C +0.70 +5.57

R: Et R': Me 3A +3.23 +12.88
R Et 3B +2.70 +11.10

R': iPr ac +0.26 +0.84

R:iPr R Me 4A +4.74 +13.54
R" Et 4B +3.67 +9.13

R":iPr 4C +3.17 +7.41

R:Ph R': Me 5A -0.31 +6.19
R: Tol R': Me 6A +0.08 +8.20

>
InP=Ink =AM , AAS* cq.
X RT R (¢q.3)

direction of attack is caused by the variation of temperature. Despite of the steric demand of the aromatic substituents in
5A and 6A (R =Ph, p-Tol) in this cases again, positive de-values are obtained surprisingly as observed for compounds
4A, 4B, 4C (R = H). The calculated AAH*- and AAS™-parameters are plotted against each other in a compensation
diagram for all investigated systems (Figure 2).

For the total number of systems only an unsatisfied correlation is observed. However, much better results are obtained
for furanones with the same substituent R but different R”. Furthermore the furanones SA and 6A (R=Ph, p-Tol) belong
to the same correlation, which is found for the compounds 1A, 1B,1C. In the case of 2A, 2B, 2C such a compensation is
not observed. From the slope of the compensation line the isoselective temperature T, is calculated by equation 4. 15

gﬁ = Tigo (0AAG™ = 0) (eq 4)

An isoselective temperature T;,, characterizes an ensemble of systems and is identical with the temperature at the
intersection point of the corresponding Eyring plots. At this temperature all participating systems produce the same
selectivity.152 Table 2 shows that all isoselective temperatures are in the same region as a resultof the near parallelism
of the compensation lines (Figure 2).

Remarkable differences in the enthalpic and entropic determination for the formation of the excess diastereomer are
observed in the reaction of the enones carrying an isopropyl substituent (4Ab, 4Bb, 4Cb) with ethylene compared with
the enones carrying an aryl substituent (5Aa, 6Aa) and the enones without B-substitution. In the upper case the lk-attack
(de-values <0) is favoured by an enthalpy control (negative slope in the modified Eyring diagram) and enthropically
disfavoured (positive ordinate intercept). Therefore the ul-attack is favoured. In the sequence of the enones with 5-
methoxy- (4A), 5-ethoxy- (4B), 5-isopropyloxysubstitution (4C), the enthalpy preference for the major isomer
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Figure 2: Isoselective relationships in the photosensitized [2 + 2]-cycloaddition of ethylene to 5-alkoxy-2(5H)-
furanones (see: figure 1, equation 4 ).

Table 2: Isoselective temperatures for different groups of 5-alkoxy-2(5H)-furanones in the diastereoselective [2 + 2]-

cycloaddition to ethylene.
Tiso
K (°C)
R:iPr 4A,B,C 254 (-19)
R: Et 3A,B,C 244 (-29)
R: H, Ph, Tol 1A,B,C 260 (-13)

decreases. Correspondingly the entropy preference for the ul-attack (formation of the minor isomer) increases in the
series: 4Aa, 4Ba, 4Ca. Alkoxy substituents with a large number of degrees of freedom of rotation and vibration cause a
dominant influence of the entropy in the transition states according to the principle of Price and Hammett. 16n this case,
froma larger number of configurations the favoured one has to be selected. Consistently, the influence of enthalpy in the
transition state decreases. In an extreme case the enthalpy determination for the formation of the major isomer changes
to an entropic one. As in the cases of 4A, 4B, 4C the ul-attack on the f—unsubstituted furanones 1A, 1B is also entr
favoured. The ul-attack of the ethylene is also slightly enthalpicaily favoured (positive slope).

In this sense, the isopropyl substituted furanone 1C is an exception because the ul-attack is enthalpically and the Ik-
attack entropically favoured. This is again a consequence of the Price-Hammett principle!® for mainly entropic
determined selection, if an isoselective relationship exists.

For the aryl substituted furanones 5A, 6A the ul-selection is strongly entropically determinated. The formation of SAa
(major isomer from ul-attack) additionally has a small enthalpy preference, while in the case of the tolylfuranone 6A a
little preference for the Ik-attack is observed.

Furthermore, we have converted the bicyclic furanones 7A, 8A, 9A and 10A under the same conditions at-55 °C. While
the furanones 7A, 8A, 9A produce cyclobutanes with nearly identical selectivity, the bicyclic furanone 10A reacts
without diasteroselectivity (Table 3).
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Table 3: Diastereoselectivity of the photosensitized [2 + 2]-cycloaddition of bicyclic furanones to ethylene.

3 CX:HS OCH3
7A 8A 9A 10A
TA 8A 9A 10A
de (%) +47 +46 +51 0

Structure Determination of the Cyclobutanes

The relative configuration of the bicyclic photoadducts was determinated by their NMR data. For compounds 1aand 1b
the configuration could be found by comparison of 'H-NMR coupling constants of the acetal proton, since the dihedral
angles differ significantly in the two diasteromers (Scheme 3). Similar examples are descriped in literature 5.6

r\J ~ 6Hz

2 R!
H Ry,
J =z OHz —~ 4 H “cH
(0} (o)
“"OR!
RO (0] w 0
H* 1N
Or' Ia 0 1b R'O LA

R'=Me, Et, i-Pr Scheme 4: NMR fy-effects of the alkoxy group
iaste i lobutan
Scheme 3: NMR coupling constants of the diastereomeric ;hneddl;as Teomeric cyclobutanes a
cyclobutanes 1a and 1b.

The structure of the cycloadducts of the 4-alkyl substituted furanones could be determined by observation of the y—
effect!? of the alkoxy groups (Scheme 4).

R
0o OCH3
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W O
H,CcO' h ° o

5Ab (R =H) 5Aa(R=H)
6 Ab (R = CH;) 6 Aa (R = CH;)

Scheme 5: Aryl anisotropic effect in the NMR spectroscopy of cyclobutane diastereomers.
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For the adducts with structure a the 13C.NMR signals are high field shifted by 2.2 to 5.4 ppm when they are compared
with the isomeric structure b. Further comparison of NMR data of the isomers 1a or 1b confirm this structure
assignment. Another verification of structure was given by the application of a 4-methyl substituted furanone in the
synthesis of grandisol.*

The arylanisotropic effect of 0.1 ppm (high field) on the chemical shift of the methoxy protons could be used
additionally to determine the structure of 5Aa and 6Aa (Scheme 5).

The structure of the cyclobutane isomer 7Aa could be solved by single crystal X-ray analysis (Scheme 6). Therefore we
were able to determine the structures of the other tricyclic ethylene adducts by analogy considerations.

Scheme 6: Single crystal X-ray analysis of compound 7Aa*8. Displacement ellipsoids plotted at 30% probability
Discussion

The observed activation parameters AAH and AAS* results of the overall reaction. Consequently, they are composed
in a complex manner of the contributions of all elementary reactions. On the other hand, it is well accepted, however,
that only a few steps of a complex mechanism determine the selectivity predominantly. Therefore our statement is: The
AAH- and AAS*-values are influenced mainly by these relevant steps.

The linearity in the Eyring plot (Figure 1) for the whole investigated temperature region is explained by the dominance
of only one partial selection step in the case of ethylene as olefinic partner. This is in contrast to the Paternd-Biichi
reaction.12 At the first glance, the mechanistic pattern of the photosensitized cyclobutane formation (Scheme 1) on one
hand and that of the Paternd-Biichi reaction!3:2! on the other hand seem to be close to each other. In both cases the
reaction path is running via 1,4-diradical intermediate. As for the Paternd-Biichi reaction!8, the 1,4-diradical
intermediate has been detected by inter- and intramolecular trapping reactions.27:3:10:19.20 There are, however,
remarkable differen-ces between both reactions, which s clearly demonstrated by the results of these investigations. In
the Paternd-Biichi reaction the primarily formed (C-O)-bond in the 1,4-diradical intermediates undergoes facile
heterolytical retrocleavage?!, which represents the second selection level in terms of the isoinversion principle. 12
In the case of the decay of biradicals with longer chain between the radical positions, there exists a competition of the
molecular dynamic, the intersystem crossing and structural features (chain length, substitution) as rate limiting
factors.22 The corresponding mechanistic steps have different Arrhenius-parameters too,

For the [2 + 2]-photocycloaddition, the (C-C)-bond in the 1,4-diradical intermediate is more stable versus
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retrocleavage. The competition between cyclization and fragmentation is of minor importance for the
diastereoselectivity (contrary to the regioselectivity®1%), Asa consequence the stereoselection is controlled mainly by
one level, which means the approach of the ethylene to the excited furanone from one or the other side. No inversion
points are observed in the modified Eyring plot (see also23).This is in line with the observation, that double
stereodifferentiation in the photocyclobutane formation reaction reveal, that the energy difference (responsible for the
observed stereoselection) is a result of the energy differences for single inductions (addition principle).24 This also
supports the assumption of an unique one-step-mechanism as long as the stereoselection is concerned. On the basis of
these facts we consider, the addition of ethylene to the furanone by the formation of the 1,4-diradical intermediate as the
dominant part in the selection step (Scheme 1).

Moreover, exciplexes as precursors in our systems seem to be of minor importance for the selection in this case. Only
with polarizable olefinic partners have exciplexes been detected by their luminescence.25 For similar systems, Wolffet
al. 26 observed inversion points on the modified Eyring diagrams (compare eq. 8) for the head-to-tail/head-to-head
selectivity. They explain their results with the exciplex rather than the 1,4-biradical as relevant intermediate for the
selectivity (competition between product formation and decay to the substrates from the exciplex). Ethylene is,
however, a rather unpolarizable olefin. Thus relatively stable exciplexes with this olefin are unlikely.

The relaxed excited furanones, which are responsible for the selection, are energy rich. As aconsequence of this, the two
diastereomeric transition states are situated near the initial point of the potential surface according to the reactivity-
selectivity principle (rsp).27-28 Consequently, the selection is the result of the stereoelectronic properties of the excited
furanones.

The excited state of the furanone is achieved by acetone sensitization and has triplet character.>-6 By Stern-Volmer
investigations of similar systems (enones and alkyl substituted olefins), it could be demonstrated that the T, state has
predominantly (mere*)-character.? In the reaction of electron rich olefins with enones carrying electron withdrawing
substituents, oxetane formation occurs additionally. This side reaction gives evidence to a stronger (nn*)-character of
the excited state (T,).2? (3nx*)-Excited enones can relax vibrationally by twisting of the (C=C)-double bond or by
pyramidalization at the B-C-atom or by both.9-30:31 The pyramidalization is mainly observed in the reaction of bicyclic
enones. Evidence for the relaxation mechanism is obtained from transient analytical investigations.32 A higher
reactivity at the B-C-atom may also be induced by this pyramidalization (spin density orientation). As the result the
generation of the 1,4-diradical intermediates should occur by bond formation at the B-position of the enone.2-20¢:33
Olefinic partners with substituents of higher steric demand may diminish the reactivity of the B-position favouring o-
reactivity.9-10

The importance of pyramidalization at the B-carbon for the stereodifferentiation in the [2 + 2]-photocycloaddition
reactions was first pointed out by Wiesner et al.30 The authors compared these results with the stercoselection in the
reduction of o, B-unsaturated carbonyl compounds with Li/NH;. In this case a carbanion Y is formed instead of the
pyramidalized radical X in B-position (Scheme 7). The carbanion Y is protonated during the reaction.

CH, CH,
2 %/O
7+ 76
Scheme 7 X Y

In our case, we can not decide definitely whether the 1,4-biradical intermediate is formed by a (C-C)-bond in the a- or B-
position of the excited furanone. But the various substituents at the B-carbon have a decisive influence on the
diastereoselection. For this reason, we describe the biradical intermediate with a (C-C)-bond in the B-position . The
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observed ste-reoelectronic effects of the side differentiation should also be active to a certain extent in the o-position.
Consequently, the formation of the biradical with a (C-C)-bond in the a-position should give similar
diastereoselectivities in the cyclobutane products.

The orientation of the'spin density is controlled by the substitution of the enone. The olefin predominantly attacks the
enone from the side carrying the higher spin density. The side differentiation caused by this electron distribution in the
[2 +2]-photocycloaddition (excited enone) differs significantly from that in the Michael addition reaction (ground state
reaction of the enone).34 The de-values of relatively high level obtained in the reaction of the enones 7A, 8A and 9A with
ethylene can be explained with the pyramidalization effect. The (*zn*)-excited bicyclic furanones in the relaxed state
have a higher spin density on the ul-side as a consequence of the chair conformation. Therefore cyclobutanes of type a
are formed predominantly. No stable chair conformation excists for the relaxed (nr*)-excited state of the enone 10A.
As a consequence of this, no detectable diastereoselectivity is observed (Scheme 8).

OR!' OR'
' ® o ; )[—%
o o
0 ocu O ocu N o ole
3 3 1A, B

4A, B, C
7A R=H QA
8A R=tBu
~
OCH, ,
% = g
Y -
L) ®
0 0 0] 0 G
10A Y O
S5AR=H) 1C
6A (R =CHj)
Scheme 8: Relaxed (3tn*)-excited states of bi- Scheme 9: Relaxed (Prin*)-excited states of 5-
cyclic furanones. alkoxy-2(SH)-furanones.

In the case of the furanones 4A, 4B, 4C the spin density is syn orientated to the alkoxy group because of the repulsing
interactions of the isopropyl and OR “-substituents (Scheme 9). Therefore in this case, the lk-attack is favoured (positive
de-values). Considering the activation parameters, this Ik-attack is enthalpically favoured (AAH*>0) and entropically
disfavoured (AAS* > 0).

In scheme 11 two characteristically different potential surfaces for the formation of the 1.4-diradical intermediates are
shown. If lk-attack occurs, the force constant for the bond being formed in the transition state is comparatively high
(high spin and high electron density). As a consequence only a few vibration states can be occupied (Figure 3b). Sucha
reaction channel is favoured by the enthalpy and disfavoured by the entropy.28:33,36,15¢ In the case of the ul-attack the
spin density is low and therefore the force constant of the forming bond in the transition state is low. More vibration
states can be occupied (Figure 3c). As a consequence the ul-attack is entropically favoured and enthalpically
disfavoured.

For the furanones 1A, 1B, 1C the ul-attack is favoured (positive de-values). This selection is mainly determined by
steric hindrance of the alkoxy group. Such selection processes are generally dominated by the entropy.36 Indeed, an
entropically favoured ul-attack is observed for 1A, 1B. Furthermore this attack is slightly favoured by enthalpy, which
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can be explained by the homoanomeric effect. A slight pyramidalization in B-position is caused by the overlapping
of the o*-orbital of the (C-O)-bond in the alkoxy group with the orbital in B-position carrying the radical. This
interaction is called homoanomeric effect as it is observed for the preferred conformation of glycosyl radicals.3? The
homoanomeric effect causes, in the case of the ul-attack, a greater force constant in the transition state for the forming
bond in the corresponding 1,4-diradical (close to the potential surface shown in figure 3b).

A A,

Figure 3a

G|lo . G|lo
T ¢

(v) *

AN .

Figure 3b Figure 3c

Figure 3: Potential surfaces for the formation of 1,4-diradical intermediates from the relaxed (Grr*)-excited 5-alkoxy-
2(5H)-furanones with pyramidalization in the B-position. 3b shows the /k-attack of ethylene to the
furanone (eg. formation of 3Aa). 3c shows the ul-attack (eg. formation of 3Ab).

The homoanomeric effect is compensated by the B-aryl substitution because of the delocalization of the radical position.
The structure of the B-carbon is now a trigonal planar one. As a consequence of this the ul-attack is entropically
favoured (steric effect of the alkoxy group). No significant enthalpy contribution is observed.

In the case of 1C the approach of the ethylene is strongly hindered by the rotation cone of the isopropyl substituent. The
distance of the reaction partners in both diastereomeric transition states is quite different. Therefore the force constants
for the relevant transition states for the wxl- and lk-reaction channel is also quite different. Because of these
relationships, the ul-attack is now enthalpically favoured and correspondingly the lk-attack is favoured by the entropy.
A reverse of influence of enthalpy and entropy by substituents with a large number of rotational and vibrational degrees
of freedom is described by the Price-Hammett principle.16 The furanones 4A, 4B, 4C, S5A, 6A belong to the same
isoselective relationship. This is a criterion for a unique selection process. 3¢ As a consequence the selection controlling
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factors are related to each other. The existance of different isoselective relationships for the furanones 4A,4B,4C (R=
i-Pr), 3A,3B,3C (R =Et) and 1A, 1B, 1C, 5A, 6A (R = H, Ph, p-Tol) (Figure 2) as well as the extremely different de-
values give evidence for different structures of the relaxed (3nn*)-excited states. In the cases of 4A, 4B, 4C the
pyramidalization of the B-carbon is dominant, whereas the selection for the furanones 1A, 1B, 1C, 5A, 6A is controlled
by the twisted (C=C)-bond, which implies a dominant influence of the steric hindrance of the alkoxy substivent. For
furanones 2A, 2B, 2C (R = Me) both effects are superposed and no isoselective relationship is observed.
Giese!5¢-38 has also described different isoselective relationships for radical reactions. For m-radicals and o-radicals
two different isoselective relationships are observed.

A linearity in the modified Eyring diagrams (no inversion temperatures of the diastereoselectivity) is also observed for
concerted or nearly concerted reactions. Shaik and Epiotis3? describe a concerted mechanism for cyclization of a triplet
excited enone with an olefinic partner in the ground state. The molecular dynamic of the transition state (influenced by
stereoelectronic effects) must be such that intersystem crossing occurs during the cyclization process. Twisting and
pyramidalization in the (C=C)-bond of the enone are of such. In scheme 10 a possible transition state for the cyclization
of 3nn*)-excited 5-alkoxy-2(5SH)-furanones and ethylene in terms of a pyramidalization dynamic is shown. Ethylene
has no significant sterical requirements and therefore it may favour this reaction pathway.

Molecular dynamics, which accelerate the intersystem crossing, are discussed as stereochemical determining factors
for cyclization of diradicals in the tripletstate.*0 The results of transient analytical investigations of excited enones are
also discussed in terms of pyramidalization and twisting, which catalyzes intersystem crossing. The life times of these
enones is significantly influenced by these effects.32:41

2,
’l,
g

‘,

Scheme 10: Possible transition state of the [2 + 2]-cycloaddition of ethylene to a triplet excited S-alkoxy-2(5H)-
furanone.

Conclusion

The stereoelectronic effects, which are responsible for the diastereoselectivity in the photosensitized [2 + 2]-
cycloaddition of ethylene to 5-alkoxy-2(5H)-furanones were analyzed by temperature dependent measurements of the
selectivity as well as by the structure variation in the furanone partner. For the investigated systems the diastreoselection
is dominated by only one mechanistical step, which is the approach of the ethylene to the vibrationally relaxed (Crn*)-
excited furanone. Other steps seem to be of minor importance for the selectivity. The remarkable dependence on the -
substitution (positive and negative de-values) correlates with the stereoelectronic effects of the excited furanone
(pyramidalization of the B-carbon, homoanomeric effect, steric requirements of the alkoxy substituent), which were
characterized by the activation parameter differences AAH* and AAS™ and which are different to those of the
groundstate furanones.
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Experimental Section

IH-NMR and 3C-NMR spectra were recorded on a Varian VXR-300 in CDCl; as solvent and TMS as internal
standard. 5-Alkoxy-2(SH)-furanones were synthesized by Mannich condensation of aldehydes with glyoxylic acid
hydrate*2, photooxygenation of furfural*> and by reduction of a corresponding carboxylic anhydride (for 10A).44 Full
acetalation was carried out by heating the hemiacetals with an eight fold excess of corresponding alcohol in toluene (35
mL for 0.1 mole hydroxyfuranone and catalytic amount of p-toluene sulfonic acid). In the case of 1A, 1B, 1C an
equimolar quantity of alcohol was used. These reactions were carried out in CHC; as solvent. 4245 8A and 10 A were
synthesized by a modified Noyori method.46:47

The structure was solved by means of direct methods as implemented in the XTAL 3.2 program package*?, employing
Gensin0 to generate structure invariant relationships and Gentan>! for the tangent phasing procedure. The molecular
drawing was generated using the Ortep>? set of routines.

Irradiation of 5-Alkoxy-2(5H)-furanones with Ethylene in Acetone

The solution of 5 mmol of the alkoxyfuranone in 250 ml acetone was filled in a photoreactor (quartz immersion well
with vacuum jacket) and saturated with ethylene. The apparatus was slowly thermostatisated. The solution was
irradiated (high pressure mercury lamp, HPK 150 W) untill the conversion was complet (TLC, silica, 20 % ethyl
acetate/cyclohexane; reaction time: about 8 h). 7A, 8A, 9A and 10A were irradiated at -55 °C. The solvent was
evaporated. The diastereomeric ratio was determined by 13C-NMR from crude material (chemical purity: > 90 %).
Yield: quantitative.

1Aa: 'H-NMR: 8 = 5.23 (s, H-5), 3.46 (s, H-8) ppm.

1Ab: 'H-NMR: § = 5.43 (d, ] = 6.0 Hz, H-5), 3.60 (s, H-8) ppm.

The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:

TH-NMR: § =3.15 (m, H-3, 4, 6, 7), 3.02 (m, H-3, 4, 6, 7), 2.0 - 2.7 (m, H-3, 4, 6, 7) ppm.

1Aa: 13C-NMR: § = 179.99 (C-2),109.07 (C-5), 56.15 (C-8), 39.91 (C-3,4), 37.57 (C-3,4),

23.27 (C-6,7), 21.82 (C-6,7) ppm.

1Ab: 13C-NMR: 8 = 178.45 (C-2),106.31 (C-5), 58.11 (C-8), 39.42 (C-3,4), 37.40 (C-3,4),

22.59 (C-6,7), 17.65 (C-6,7) ppm.

1Ba: H-NMR: 8 =5.33 (s, H-5), 3.85 (d/q, T =9.5/7.0 Hz, H-8), 3.60 (d/q, ] =9.5/7.0 Hz,

H'-8), 1.21 (t, J = 7.0 Hz, H-9) ppm.

1Bb: I1H-NMR: § =5.58 (d, ] = 6.0 Hz, H-5), 3.95 (d/q, J=9.5/7.0Hz, H-8),3.71 (d/q, ] =

9.5/7.0 Hz, H'-8), 1.27 (t, ] = 7.0 Hz, H-9) ppm.

o 2 s 0\8/ The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
Y IH-NMR: §=3.15(m,H-3,4,6,7),3.00(m, H-3,4,6,7),2.0-2.67 (m, H-3,4, 6, 7) ppm.

1Ba: 13C-NMR: § = 180.10(C-2), 107.95 (C-5), 64.67 (C-8),40.05 (C-3,4), 37.68 (C-3,4),23.26 (C-6,7), 21.86 (C-6,7)

14.95 (C-9) ppm.

1Bb: 13C-NMR: § = 179.62 (C-2),105.10 (C-5), 66.54 (C-8), 39.42 (C-3,4), 37.53 (C-3,4), 22.61 (C-6,7), 17.77 (C-

6,7), 14.99 (C-9) ppm.

7

3 4

1Ca: 'H-NMR: 8 = 5.42 (s, H-5), 3.99 (sep, J = 6.0 Hz, H-8), 1.20 (d, ] = 6.0 Hz, H-9, 10),

1.18 (d, J = 6.0 Hz, H-9, 10) ppm.

1Cb: 'TH-NMR: §=5.68 (d,J = 5.5 Hz, H-5), 4.03 (sep, J=6.0Hz, H-8), 1.29 (d, ] =6.0Hz,

9 H-9, 10), 1.20 (d, ] = 6.0 Hz, H-9, 10) ppm.

The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
10 IH.NMR:3§=3.15(m, H-3,4,6,7),2.97 (m,H-3,4,6,7),2.0- 2.68 (m, H-3, 4, 6, 7) ppm.
1Ca: 13C-NMR: § = 180.22 (C-2), 106.51 (C-5), 71.33 (C-8), 40.31 (C-3,4), 37.83 (C-3,4), 23.33 (C-9,10), 23.24 (C-
6,7), 21.87 (C-6,7), 21.58 (C-9,10) ppm.
1Chb: 13C-NMR: § = 178.83 (C-2),103.77 (C-5), 73.00 (C-8), 39.50 (C-3.4), 37.83 (C-3,4), 23.11 (C-9,10), 22.61 (C-
6,7), 21.78 (C-9,10) 17.84 (C-6,7) ppm.
9 2Aa: H-NMR: 8 = 5.02 (s, H-5), 3.48 (s, H-9), 1.31 (s, H-8) ppm.

8 2Ab: H-NMR: & = 5.06 (s, H-5), 3.59 (s, H-9), 1.34 (s, H-8) ppm.
3 The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
IH-NMR: & = 1.6 -2.8 (m, H-3,6,7) ppm.
0= O.s 2Aa: 13C-NMR: 5§ =179.89(C-2),109.68 (C-5), 56.50 (C-9), 44.91 (C-4), 42.22(C-3),29.49
o (C-7), 20.80 (C-6), 17.06 (C-8) ppm.

2Ab: 13C-NMR: §=178.03 (C-2), 110.97 (C-5), 58.32(C-9), 53.97 (C-4),44.21 (C-3), 24.66 (C-7),21.19(C-8), 19.59
(C-6) ppm.
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7 2Ba: 'H-NMR: §=5.12 (s, H-5), 3.86 (d/q, T =9.5/7.0 Hz, H-9), 3.75 (d/q, J =9.5/7.0Hz,
8 H'-9), 1.31 (s, H-8), 1.21 (t, J = 7.0 Hz, H-10) ppm.

2Bb: \H-NMR: 8 =5.16 (s, H-5), 3.94 (d/q, ] = 9.5/7.0 Hz, H-9), 3.69 (d/q, ] =9.5/7.0Hz,
) H'-9), 1.33 (s, H-8), 1.27 (t, ] = 7.0 Hz, H-10) ppm.
0 o5 0\%0 The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:

IH-NMR: 8 = 1.6 - 2.75 (m, H-3,6,7) ppm.

2Ba: 13C-NMR: § = 180.04 (C-2), 108.60 (C-5), 64.93 (C-9),44.89(C-4),42.38 (C-3), 29.50 (C-7), 20.81 (C-6), 17.16
(C-8), 14.86 (C-10) ppm.
2Bb: 13C-NMR: 5=178.19(C-2), 109.76 (C-5), 66.67 (C-9), 53.97 (C-4), 44.20 (C-3), 24.75 (C-7), 21.09 (C-8), 19.63
(C-6), 14.98 (C-10) ppm.

2Ca: TH-NMR: 8 =5.21 (s, H-5), 3.96 (sep, J = 6.0 Hz, H-9), 1.29 (s, H-8), 1.20(d,J =6.0

6
! 8 Hz, H-10,11), 1.16 (d, J = 6.0 Hz, H-10,11) ppm.
B 2Cb: IH-NMR: 8= 5.24 (s, H-5),3.98 (sep, ] =6.0 Hz, H-9), 1.31 (s, H-8), 1.26 (d, ] =6.0
5 Hz, H-10,11), 1.18 (d, J = 6.0 Hz, H-10,11) ppm.
o S 5 SN 10 The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
0 \( 1H-NMR: § = 1.6 - 2.75 (m, H-3,6,7) ppm.
11 2Ca; 13C-NMR: § = 180.20 (C-2), 107.40 (C-5), 71.70 (C-9), 44.96 (C-4), 42.52 (C-3),
29.54 (C-7), 23.25 (C-10,11), 21.57 (C-10,11), 20.85 (C-6), 17.32 (C-8) ppm.
2Ch: 13C-NMR: § = 178.36 (C-2), 106.42 (C-5), 73.08 (C-9), 44.33 (C-4), 44.19 (C-3), 24.78 (C-7),23.04 (C-10,11),
21.74 (C-10,11), 20.78 (C-8), 19.69 (C-6), 19.69 (C-8) ppm.

P 7 3Aa: IH-NMR: § = 5.04 (s, H-5), 3.48 (s, H-10), 0.92 (t, = 7.0 Hz, H-9) ppm.
8 3Ab: IH-NMR: § =5.11 (s, H-5), 3.59 (s, H-10), 0.92 (¢, J = 7.0 Hz, H-9) ppm.
3 9 The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
! IH-NMR: 8 = 2.28 - 2.82 (m, H-3,6,7.8) ppm.
0= 3 3Aa: 13C-NMR: & = 180.07 (C-2), 109.15 (C-5), 56.51 (C-10), 48.88 (C-4), 41.33 (C-3),
o 10 26.32 (C-6,7,8), 23.40 (C-6,7.8), 21.45 (C-6,7,8), 8.45 (C-9) ppm.

3Ab: 13C-NMR: § = 178.24 (C-2), 109.90 (C-5), 58.06 (C-10), 48.07 (C-4), 42.38 (C-3), 27.97 (C-6,7,8), 22.14 (C-
6,7.,8), 19.96 (C-6,7,8), 8.17 (C-9) ppm.

3Ba: 'H-NMR: 8 =5.13 (s, H-5), 3.88 (d/q, ] = 9.5/7.0 Hz, H-10), 3.57 (d/q, } =9.5/7.0
Hz, H-10), 1.21 (t, J = 7.0 Hz, H-11), 0.92 (t, J = 7.0 Hz, H-9) ppm.

3Bb: IH-NMR: 8= 5.21 (s, H-5),3.92 (d/q, J =9.5/7.0 Hz, H-10), 3.69 (d/q, Y =9.5/7.0
Hz, H'-10), 1.26 (t, J = 7.0 Hz, H-11), 0.92 (t, ] = 7.0 Hz, H-9) ppm.

The following signals ot the spectrum of the diastereomeric mixture couldn't be as-
signed: TH-NMR: 8= 1.9-2.8 (m, H-3,6,7,8), 1.90- 2.15 (m, H-3,6,7,8), 1.58 - 1.85 (m,

H-3,6,7,8) ppm.
3Ba: I3C-NMR: § = 180.22 (C-2), 107.99(C-5), 64.97 (C-10),48.83 (C-4),41.50(C-3), 14.87 (C-11), 8.40(C-9) ppm.
3Bb: 13C-NMR: §=178.40(C-2), 108.66 (C-5),66.50 (C-10),48.07 (C-4), 42.40(C-3),15.01 (C-11), 8.40(C-9) ppm.
The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned: 13C-NMR: §=27.94 (CH,),
26.34 (CH,), 23.49 (CH,), 22.24 (CH,), 21.46 (CH,), 20.02 (CH,) ppm.
3Ca: 1H-NMR: § = 5.23 (s, H-5), 3.96 (sep, J = 6.0 Hz, H-10), 1.22 (d, ] = 6.0 Hz, H-
11,12), 1.18 (d, J = 6.0 Hz, H-11,12), 0.91 (t, J = 7.0 Hz, H-9) ppm.
3Cb: lH-NMR: § = 5.31 (s, H-5), 4.01 (sep, J = 6.0 Hz, H-10), 1.28 (d, J = 6.0 Hz, H-
11,12), 1.20 (d, J = 6.0 Hz, H-11,12), 0.93 (t, J = 7.0 Hz, H-9) ppm.
11 Thefollowing signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
H-NMR: § = 2.25 - 2.80 (m, H-3,6,7,8), 1.58 - 1.90 (m, H-3,6,7,8) ppm.
12 3Ca:13C-NMR: §=180.31(C-2), 107.37(C-5), 71.57 (C-10), 48.85 (C-4), 41.69 (C-3),
20.08 (C-8), 8.30(C-9) ppm.
3Cbh: 13C-NMR: § = 178.51(C-2), 106.46 (C-5), 73.05 (C-10), 48.12(C-4),42.48 (C-3),22.26 (C-8), 8.21 (C-9) ppm.
The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned: 13C_NMR: § =27.80 (CH,),
26.28 (CH,), 23.47 (CH,), 23.32 (CHy), 23.13 (CH3), 21.81 (CH,), 21.47 (CH,), 21.44 (CH;) ppm.

6 , |0 4Aa: 'H-NMR: §=5.00 (s, H-5), 3.48 (s, H-11),0.96 (d, ]=7.0Hz, H-9,10),0.86 (d,J = 7.0
Hz, H-9,10) ppm.
3 8™\9 4Ab: 'H-NMR: §=5.13 (s, H-5),3.58 (s, H-10), 1.10(d, J=7.0Hz, H-9,10),0.82(d,J=7.0
Hz, H-9,10) ppm.
o==2 p 0\ The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:

o 11 'H-NMR:3=2.84 (m,H-3,6,7,8), 2.48 - 2.60 (m,H-3,6,7,8), 1.74 - 2.44 (m, H-3,6,7,8) ppm.
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4Aa: 13C-NMR: & = 180.27 (C-2), 109.73 (C-5), 56.53 (C-11), 52.12 (C-4), 40.23 (C-3), 26.83 (C-8), 22.90 (C-6,7),

22.60 (C-6,7), 17.85 (C-9,10), 16.69 (C-9,10) ppim.

4Ab: 13C-NMR: § = 178.40 (C-2), 108.47 (C-5), 57.85 (C-11), 51.35 (C-4), 41.29(C-3), 32.18 (C-8), 20.30 (C-6,7),

19.83 (C-6,7), 16.69 (C-9,10), 16.30 (C-9,10) ppm.
4Ba: 'H-NMR: 8=5.11 (s, H-5), 3.88 (d/q, ] =9.5/7.0 Hz, H-11), 3.56 (d/q, T =9.5/7.0Hz,
H'-11), 1.21(t,J=7.0Hz,H-12),1.10 (d,J=7.0Hz, H-9,10),0.82 (d, ] = 7.0 Hz, H-9,10)
ppm.

" 4Bb: 'H-NMR: §=5.25 (s, H-5),3.94 (d/q,J =9.5/7.0Hz, H-11),3.69(d/q,§=9.5/7.0Hz,
H'-11),1.26 (t, J =7.0 Hz, H-12),0.96 (d, = 7.0 Hz, H-9,10), 0.87 (d, J = 7.0 Hz, H-9,10)
ppm.

The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:

IH-NMR: & = 2.83 (m, H-3,6,7,8), 2.51 - 2.66 (m, H-3,6,7,8), 1.75 - 2.46 (m, H-3,6,7,8) ppm.

4Ba: 13C-NMR: 6 = 180.42 (C-2), 108.56 (C-5), 64.99 (C-11), 52.06 (C-4), 40.37 (C-3), 26.91 (C-8), 22.98 (C-6,7),

22.59 (C-6,7), 17.84 (C-9,10), 16.61 (C-9,10), 14.85 (C-12) ppm.

4Bb: 13C-NMR: § = 178.53 (C-2), 107.26 (C-5), 66.30 (C-11), 51.34 (C-4), 41.33 (C-3),

32.17 (C-8), 20.39 (C-6,7), 19.90 (C-6,7), 16.75 (C-9,10), 16.32 (C-9,10), 15.04 (C-12)

ppm.

4Ca: 'H-NMR: § = 5.21 (s, H-5), 3.97 (sep, J = 6.0 Hz, H-11), 1.22 (d, T = 6.0 Hz, H-

12,13), 1.18 (d, J=6.0 Hz, H-12,13), 1.09 (d, Y = 7.0 Hz, H-9,10), 0.81 (d, J = 7.0 Hz, H-

9,10) ppm.

4Cb: H-NMR: § = 5.36 (s, H-5), 4.03 (sep, J = 6.0 Hz, H-11), 2.58 (d/d/d/d, J =

12.5/9.0/8.0/1.5Hz, H-6), 1.28 (d,]=6.0Hz,H-12,13), 1.21(d,J = 6.0Hz,H-12,13),0.96

(d, J=7.0 Hz, H-9,10), 0.87 (d, ] = 7.0 Hz, H-9,10) ppm.

The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned: IH-NMR: § = 2.81 (m, H-

3,6,7.8), 1.73 - 2.42 (m, H-3,6,7,8) ppm.

4Ca: 13C-NMR: § = 180.52(C-2), 107.17(C-5), 71.51 (C-11), 52.07 (C-4), 40.52 (C-3), 26.79 (C-8), 23.35(C-12,13),

22.95 (C-6,7), 22.62 (C-6,7), 21.34 (C-12,13), 17.88 (C-9,10), 16.48 (C-9,10) ppm.

4Cb: 13C-NMR: § = 178.65 (C-2), 105.93 (C-5), 72.98 (C-11), 51.36 (C4), 41.39(C-3), 32.16 (C-8) 23.20 (C-12,13),

21.82 (C-12,13), 20.48 (C-6,7), 19.96 (C-6,7), 16.85 (C-9,10), 16.37 (C-9,10) ppm.

5Aa: lH-NMR: & = 5.29 (s, H-5), 3.31 (s, H-12) ppm.

5Ab: IH-NMR: & = 5.19 (s, H-5), 3.57 (s, H-12) ppm.

The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:

IH-NMR: 8=7.20-7.42 (m,H-9,10,11),3.35-3.50 (m, H-3,6,7), 2.05 - 2.73 (m, H-9,6,7)

ppm.
SAa: 13C-NMR: § = 179.21 (C-2), 138.35 (C-8), 128.36 (C-9), 126.91 (C-10), 125.37 (C-
11), 108.93 (C-5), 56.52 (C-12), 53.14 (C-4), 41.71 (C-3), 31.27 (C-7), 21.63 (C-6) ppm.
5Ab: 13C-NMR: 8= 177.51 (C-2), 141.72 (C-8), 128.36 (C-9), 127.32(C-11), 127.01(C-
10), 110.77 (C-5), 58.29 (C-12), 51.58 (C-4), 41.71 (C-3), 31.27 (C-7), 21.63 (C-6) ppm.
6Aa: IH-NMR: 3 = 5.27 (s, H-5), 3.31 (s, H-13), 2.15 (s, H-12) ppm.
12 6AD: IH-NMR: § = 5.17 (s, H-5), 3.56 (s, H-13), 2.34 (s, H-12) ppm.
The following signals ot the spectrum of the diastereomeric mixture couldn't be as-
signed: I1H-NMR: §=7.10-7.25 (m, H-9,10,11), 3.40 (m, H-3,6,7), 3.01 (m, H-3,6,7),
2.0-2.7 (m, H-9,6,7) ppm.
6Aa: 13C-NMR: §=179.32(C-2), 137.00 (C-8), 136.62 (C-11), 129.08 (C-10), 126.86
(C-9), 108.97 (C-5), 56.48 (C-13), 52.87 (C-4), 41.79 (C-3), 31.27 (C-7), 21.62 (C-6),
21.00 (C-12) ppm.
6Ab: 13C-NMR: 8=177.59 (C-2), 138.71 (C-8), 135.30(C-11), 129.62(C-10), 125.34
(C-9), 110.97 (C-5), 58.28 (C-13), 51.34 (C-4), 43.99 (C-3), 29.25 (C-12), 25.35 (C-7), 20.42 (C-6) ppm.
a a 2g of 7Aa,b was chromatographed (210 ml silica gel, 10 % ethyl acetate/cyclohexane). The
product from the first fraction 7Aa was recrystallized from n-hexane. F: 80.5 °C.
b Majorisomer 7Aa: TH-NMR: 8=3.27 (s,H-11),2.79(d/d/t. §; j, = 1.0Hz,Jy 5, =8.2Hz,J 3,

2 /i =10Hz,J; ;= 4.1 Hz, H-1), 237 (/d/did, ] = 10.8/10.3/9.2/8.2 Hz, H-2b), 2.23 (m, H-3a),
5 215 (m, H,,-7), 2.00 (d/d, T = 12.5/4.0/1.6 Hz, Hi-4), 1.86 (m, H-3b), 1.84 (m, H-2a), 1.76
(m., H, 4, 1.60 (m, H,,-7), 115 - 155 (m, H-5, 6) ppm.
104 NOE: H-1 (2.79 ppm) --> H-2b (2.37 ppm)

O— H-11 (3.27 ppm) --> H-7 (2.16 ppm)
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H-11 (3.27 ppm) —> H-4 (2.05 ppm)

13C-NMR: 8= 180.00(C-10), 108.93 (C-8), 51.75(C-9),48.72(q, J(C,H) = 143 Hz,C-11),41.88 (d, J(CH) = 150 Hz, C-
1),29.32(t,J(CH) = 137 Hz, C-3),27.00 (t, J(CH) = 130Hz, C-4), 23.18 (t, J(CH) = 130Hz, C-7),21.65 (C-5,6),21.07 (t,
J(C,H) = 139 Hz, C-2), 20.15 (t, J(C,H) = 126 Hz, C-5,6) ppm.
Minor isomer 7Ab: IH-NMR: 8= 3.46 (s, H-11), 2.85 (H-1), 2.72 (H-3a), 2.46 (H-7), 2.38 (H-2b), 2.10 (H-4), 1.93 (H-
2a),1.70(H-5,6), 1.60 (H-5,6), 1.56 (H-4), 1.52 (H-3b), 1.27 (H-7,5,6) ppm.J ; pp, = 1.7HZ,J 3y, =8.9Hz,J | 3, = 1.1 Hz,
Jle =38 Hz, J2a12b =11.8 Hz, sza =8.8 HZ, 128/313 =2.6 HZ, J2b/3a =104 HZ, J2b/3b =96 Hz, J38/3b =123 Hz.
NOE: H-1 (2.85 ppm) --> H-3b (1.52 ppm)

H-11 (3.46 ppm) --> H-7 (2.46 ppm)
13C_NMR: §=177.67(C-10), 109.98 (C-8), 51.76 (q, J(C,H)= 146 Hz, C-11),48.76 (C-9), 43.45 (d, J(CH) = 146 Hz, C-
1),30.03 (t, J(CH) =128 Hz, C-7),29.58 (t, J(CH) = 127 Hz, C-4), 26.90(t, J(C,H)=130Hz, C-3), 22.26 (t, J(C,H) = 126
Hz, C-5,6), 21.54 (t, J(C,H) = 130 Hz, C-5,6), 20.76 (t, J(C,H) = 139 Hz, C-2) ppm.
8Aa: IH-NMR: 3 = 3.27 (s, H-14), 0.90 (s, H-13) ppm.
8Ab: TH-NMR: 3 = 3.45 (s, H-14), 0.90 (s, H-13) ppm.
The following signals ot the spectrum of the diastereomeric mixture couldn't be as-
signed: 1H-NMR: 8 = 1.0 - 2.9 (m) ppm.
8Aa: 13C-NMR: § = 181.03 (C-2), 108.78 (C-5), 51.77 (C-4), 48.67 (C-14), 42.18 (C-
3,9), 42.16 (C-3,9), 27.85 (C-13) ppm.
8Ab: 13C-NMR: & = 176.73 (C-2), 109.78 (C-5), 51.69 (C-4), 48.14 (C-14), 44.15 (C-
3.,9), 43.75 (C-3,9), 27.44 (C-13) ppm.
The following signals ot the spectrum of the diastereomeric mixture couldn't be assigned:
13C-NMR: & = 32.33, 32.14, 30.90, 30.13, 29.89, 26.94, 22.92, 22.67, 21.06, 20.77 ppm.
IH-NMR: § =3.43 (s, H-13, b), 3.34 (s, H-13, a), 1.2 - 2.9 (m, H-3,6,7,8,9,10,11,12) ppm.
9Aa: 13C-NMR: & = 180.22 (C-2), 112.45 (C-5), 52.55 (C-4), 49.32 (C-13), 44.96 (C-3),
27.96 (CH,), 27.34 (CH,), 25.85 (CH,), 24.66 (CH,), 23.58 (CH,), 20.89 (CH,) ppm.
9Ab: 13C-NMR: & = 178.13 (C-2), 113.30 (C-5), 51.61 (C-4), 50.85 (C-13), 45.23 (C-3),
31.95 (CH,), 30.02 (CH,), 29.30 (CH,), 23.90 (CH,), 22.43 (CH,), 19.28 (CH,) ppm.
10A,a,b:'H-NMR: §=5.13 (s, H-5),5.03 (s, H-5),3.59 (s, H-12),3.48 (s, H-12), 1.2-2.5 (m,
H-6,7,8,9,10,11) ppm.
13C.NMR: 5 = 182.89 (C-2), 180.89 (C-2), 109.91 (C-5), 108.59 (C-5), 58.32 (C-12), 56.93
(C-12), 45.65 (C-3,4), 44.81 (C-3,4), 44.04 (C-3,4), 43.60 (C-3,4), 29.77 (CH,), 28.78
(CH,), 28.08 (CH,), 27.24 (CH,), 24.35 (CH,), 23.38 (CH,), 23.23 (CH,), 22.23 (CH,),
21.21 (CH,), 21.09 (CH,), 20.77 (CH,) ppm.
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