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Abstract-Several new examples of iron/copper mediated fragmentation reactions of hydroperoxides are 
reported. The regio- and stereochemistry of olelin formation is in accord with a model that takes into account 
the preferred conformations of the radical intermediate and potential olefin products. In combination with 
group selective peroxyketalization reactions. several stereocontrolled syntheses of olelin containing macro- 
lides have been achieved. 

The homolytic cleavage of the peroxide bond 
mediated by ferrous ions provides an efficient means for 
the production of an alkoxy radical.’ The effect of this 
substituent on the dissociation energy of a neighboring 
carboncarbon bond is dramatic. As part of their 
studies on the bond-weakening properties of an oxido 
substituent, Evans and Baillargeon compiled the data 
listed in Table 1.’ The anionic oxido group lowers the 
bond dissociation energy of an adjacent carbon- 
carbon bond by co 13-l 7 kcal mol - ‘, an effect that has 
been demonstrated to have relevance to a variety 
of reaction processes3 The alkoxy radical results in a 
more substantial bond weakening(ca 70 kcal mol-‘); 
indeed, the homolytic cleavage to produce an ally1 
radical is expected to be near thermoneutral. 

Accordingly, the ferrous ion promoted fragmen- 
tation reaction of hydroperoxides results in the 
formation of carbon radicals via concomitant oxygen- 
oxygen and carbon-bon bond cleavage. The 
generation of the carbon radical by this procedure,4 as 
well as others,5 in the presence of cupric acetate gives 
rise to oletin-containing products by the net removal of 
a beta-hydrogen atom. We have been interested in the 
application of these methods to regio- and stereocon- 
trolled formation of olefin-containing macrolides, and 
wish to report several new examples of this reaction 
process that have implications for stereocontrolled 
organic synthesis.6 

Recently, we described several spiroketahzation 
reactions that proceed with group selectivity at 
prostereogenic carbon centers equipped with dia- 
stereotopic hydroxymethyl groups.’ These reactions 
provide added flexibility to synthetic operations, since 
either of two possible stereoisomers can be obtained 

Table 1. Bond dissociation energies (kcal mol- ‘) 

X-CH,-R + X-CH;+ R 

R X=OH X=0- X=0 

H 93 76 22 
CH, 83 68 13 
CH,CH=CH, 71 58 -I 

after the hydroxymethyl groups have been differ- 
entiated. ‘d Expression of the diastereotopic group sel- 
ectivity via the spiroketalization reaction provides a 
method for remote internal asymmetric induction, and 
applications to the synthesis of both spiroketal 70-C and 
non-spiroketal products’d have followed. In order to 
extend this method, we have developed several per- 
oxyketalization reactions that proceed with group 
selectivity at prostereogenic carbon centers. In com- 
bination with theironlcopper promoted fragmentation 
reaction, a new method for stereocontrolled macrolide 
synthesis has been developed. 

The preparation of cyclononenolide 6 began with 
the alkylation of 4-methylcyclohexanone with 2,2- 
dimethyl- 5 - trifluoromethanesulfonyloxymethyl- 1,3 - 
dioxane. Thermodynamic equilibration of the disub- 
stituted cyclohexanone 1 (NaOMe, MeOH) was best 
carried out at 0” (cis/trons = 20: 1 at 0”. 12: 1 at 25”). 
The direct acidcatalyzed peroxyketahzation (Scheme 
1) resulted in the formation of three peroxyketals in an 
8: I : I ratio. Since these conditions result in modest 
group selectivity, and are complicated by the formation 
of cis- and rruas-fused oxadecalin products, other con- 
ditions were examined. In particular, we sought to pre- 
clude internal hydrogen bonding, a development that 
would be expected to favor isomer 3 at the expense of 
isomer 4. 

The intramolecular 1.3~addition of alcohols to 
carbonyl oxides represents an alternative method for 
the preparation of a-alkoxy hydroperoxides and was 
expected to proceed without equilibration of initially 
formed products (kinetic control). Accordingly, the 
methylene cyclohexane derivative 2 (R = X = H) was 
prepared from 1 and otonolyzed in acetone to provide, 
somewhat surprisingly, only tmns-fused oxadecalin 
peroxyketals. However, the ratio of 3 and 4 was 
diminished (3/4 = 4 : l).* To prevent internal hydrogen 
bonding of the hydroxymethyl group, a stabilizing 
property that was available to isomer 4, the silicon 
version of the 1,3-addition reaction was examined (Eq. 
1). To this end, vinyl ether 2(R = TMS, X = OMe) was 
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B. 0,, acetone, Na,CO, (R = H, 
X = H) 4:l:O 85 

C. O,, CHICI,, Na,CO, 
(R = TMS. X = OMe) 2O:l:O 40 

00” 

Scheme 1. 

prepared as a 20: 1 mixture of olefin isomers 
(stereochemistryundete~ined)viathelithiumsahfree 
Wittigolefination (KHMDS, Ph,P’CH,OMe Br-) of 
the bis-silyl ether derivative of 1. The choice of the vinyl 
ether as a carbonyl oxide precursor was based on two 
considerations. The methoxyl substituent is known to 
direct breakdown of the primary ozonide formed upon 
oxidation with ozone to provide an ester and the 
carbonyl oxide at the beta carbon of the vinyl ether.’ 
Furthermore, the ester was expected to serve as a poor 
dipolarophile towards the carbonyl oxide, a reaction 
process that could compete with internal 1,3-addition 
of the alcohol. *O 

Ozonolysis (0,, CH,Cl,, Na,CO,, - 78”) of 2 (R = 
SiMe,, X = OMe) resulted in peroxyketahzation with 
high stereocontrol (3/4 = 20: l), and concomitant 
desilylation (room temperature,CH,Cl,, Na,CO,) but 
in diminished yield (40%). Attempts to elfect this 
reaction on the methylene-cyclohexane (2, R = TMS, 
X = H) resulted in a 25% yield of 3 along with a 50% 
yield of the “normal” 1,2,4-trioxolane (ozonide) 
product.” 

Treatment ofthe hydroperoxide3, obtained from the 
ozonolysis of the bis-silyl ether 2 (R = TMS, X = 
OMe), with ferrous sulfate and cupric acetate 
in methanol provided a single Irans-AJ,6- 
cyclononenolide 6 in 76% yield (Scheme 2). The regio- 
and stereochemistry of the.olefin could be assigned 
through a combination of490 MHz 1D and COSY 2D 
NMR experiments. These experiments also provided 
evidence that the macrolide adopts the chair-chair- 
chair (CCC) conformation 6, as expected on the basis of 
the torsional constraints imposed on the ring system by 
the olefin and ester moieties,” and as suggested by 
molecular modelling. 

The significance of the stereocontrolled olefin 
formation is underscored by the epoxidation of 6 to 
provide a single epoxide 7 in 90”/, yield. The 

stereochemical outcome of this reaction is in accord 
with the Vedejs model of local conformer control,‘2*13 
and is presumed to result from peripheral attackI of 
the peracid on the CCC conformation 6’ of the 
macrolide. In addition, the capability of converting 
differentiated afkoxymethyl groups, such as those 
present in 6, into alkyd groups with stereochemical 
flexibility” suggests applications to problems as- 
sociated with lJ-stereocontrol. The structure of the 
aggregation pheromone of the red flour beetle, syn- 
dimethyldecanal 9, ” is representative of compounds 
with this stereochemical feature. 

Consideration of this reaction and others that we 
havedescribed”b*dleads us to proposeaconformational 
model that can be used to predict the regio- and 
stereochemical outcome of olefin formation. Ferrous 
ion promoted homolytic cleavage of the peroxide bond 
in 6 gives rise to the alkoxy radical that fragments to 
provide the carbon radical 8. The macrolide radical is 
expected to exist largely in the CCC conformation 8 
(8’) which can accommodate a planar Z-ester. 
Removal of a beta hydrogen by the d9 radicaloid copper 
acetate reagent could proceed to give four possible 
olefin isomers. Elimination could take place through 
direct hydrogen atom abstraction or through prior 
carboncopper bond formation’and subsequent beta- 
hydrogen elimination. Although hydrogen atom loss is 
suggested to occur via the CCC conformation 8@‘), 
subsequent arguments are equally valid with related 
boat-chair-chair (BCC) or BCB conformers (Z-ester 
located along the starboard). 

Loss of hydrogen from C3 of 8’ removes an eclipsed 
ethane and a transannular hydrogen interaction and is 
expected to be favored over elimination at the corner 
carbon, C,. Formation of the nans-A5*6 olefin results 
from elimination along the C,-C, local conformer that 
contains a C4C,C6C7 dihedral angle of 180”, 
whereas the [runs-A 6.7 olefin results from elimination 
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along the C,-Cs local conformer that contains a C5- 
C6-C,-C, dihedral angle of 120”. In the transition state 
for the latter possibility major conformational 
reorganization must occur with aconcomitant increase 
in strain throughout the molecule, in order to 
avoid the formation of a twisted olefin (see g). There is 
evidence that the preference for I .6- over 1.5-cycle- 
decadienes (note relationship to tron.~A’.~- and trarrs- 
A6*‘-cyclononenolides) can also be manifested in other 
reaction processes. For example, a pivotal observation 
in studies that resulted in a synthesis ofperiplanone-B is 
expressed in Eq. (2). Enolization of the ten-membered 
ring ketone 10 with lithium hexamethyldisilazide 
resulted in a 16: 1 mixture of I,6 and 1,5- 
cyclodecadiene enolates, as reflected by the ratio of 
sulfenylated products. l6 The BCC solution conforma- 
tion depicted for 10 is in accord with the results of 
COSY 2D NMR and NOE difference experiments.” 

The conformational analysis discussed in the 

copper acetate provided the lactone 23 (recifeiolide) 
with near complete regio- and stereocontrol.6b The 
intermediate macrolide radical is expected to adopt the 
crown-like conformation 22 with the more stable Z- 
ester configuration (Scheme 3). Hydrogen atom 
abstraction to provide the observed trots-homoallylic 
alkanoate 23 is again expected to be favored along the 
zig-zag portion of the parafhn chain. As in the previous 
example (3 + 6). abstraction of hydrogen from a corner 
carbon should be disfavored. The situation is 
somewhat more complex with the peroxyketal 24.7 
Treatment of 24 with conditions identical to those 
employed in the fragmentation of 21 produced a 1.3 : I 
ratio of two trans-olefins, recifeiolide 23 and the 
positional isomer 27, respectively. The location and 
geometry oftheolefin present in27could bedetermined 
by 490 MHz 1D and 2D (COSY) NMR experiments. 
The Cs macrolide radical derived from 24 can react 
with cupric acetate from the crown-like conformation 

IO IO' 

reaction resulting in the formation of trans-AJ.6- 
cyclononenolide 6 can be extended to other systems. 
For example, several years ago we reported that 
treatment of peroxide 21 with ferrous sulfate and 

t Prepared by the reaction sequence: (a) N.N- 
dimethylhydraxone of cyclooctanone, LDA, I-bromo-3- 
tctrahydropyranyloxybutanc; THF. 0”; (b) 6 N HCI. HOAc, 
room temperature, 3 h; (c) 30% H202, HOAc. room 
temperature, 5 min. 

II 

25 to produce 23 selectively. Unlike the radical that 
resulted from fragmentation of 21, the radical derived 
from 24 can assume a second low-energy conformation 
26 that favors the formation ofa positonal isomer of 23. 
The reaction of 26 with cupric acetate is expected to 
provide the isomeric macrolide 27. In each instance 
(25 + 23, 26 -+ 27) the abstraction of hydrogen 
from a comer carbon (C, in 25 and Cp in 26) is ex- 
pected to be disfavored. 

Conformation 26 of the Cs radical is free of torsional 
strain about each sp2-sp’ and sp’-sp3 bond (neglecting 
the carbon radical), whereas 25 contains three eclipsed 
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ethane fragments as well as the bisected propionate 
conformation.““ This is compensated for by the 
increased van der Waals strain in 26 (e.g. five gauche 
butane-like interactions vs two in 25). Computational 
modelling (MM2) of the macrolide radicals was 
hinderedby‘the unavailability of accurate parameters 
for carbon radicals, therefore calculations were 
performed on the unsaturated macrolide productst 
The lowest energy conformations of the three possible 
E-olefin-Z-ester macrolide products from 21 and 24 
that we could obtain are illustrated in Fig. 1. If the 
factors involved in determining the strain energies of 
the olefin products are present in the transition states 
for their formation, the values illustrated may have 
relevance to the product distribution from 21 and 24. 
Whereas the low-energy conformations for the two 
products obtained from 24 contain a similar enthalpy, 
the ahylic alkanoate 28 that was not observed in the 
fragmentation of 21 is seen to be more strained than 23, 
albeit by only 1.3 kcal mol- l. 

For reactions that involve secondary macrolide 
radicals, this kind ofanalysis could be useful for making 
decisions concerning the choice of alternative 
peroxyketal precursors to macrolides (e.g. 21 vs 24 for 
recifeiolide synthesis). Given the constraint that only 
(radical containing) local conformers with dihedral 
angles close to 180” (--*tram) or 0” (-4s) will result in 
olefin formation, a protocol for assessing the fate of 
macrolide radicals in their reactions with cupric acetate 
can be followed. The low-energy molecular confor- 
mations that give rise to each olefin isomer should be 
constructed and their energies compared. The 
distribution of olefin products should be reflected by 
the difference in total strain energy of the olefin 
products and of the conformations of their correspond- 
ing radical precursors.” 

In addition to the role of conformation, other 
influences on olefin selectivity are being considered. 
In previous work, the possibility of chelated 
organocopper(II1) intermediates in these reactions was 
discussed4m6 We are presently designing experiments 
that serve to delineate the relative contributions of 
these and other factors that may influence the 
selectivity in olefin formation. 

t Conformational analyses were performed with Professor 
W. Clark Still’s molecular mechanics program MODEL. 

In conclusion, the ferrous ion promoted fragmen- 
tation of certain a-alkoxy hydroperoxides provides an 
efficient means of producing macrolide radicals. The 
interception of these radicals with cupric acetate can 
result in the formation of olefin products with regio- 
and stereocontrol and often in a predictable manner. In 
combination with stereocontrolled methods for 
peroxyketal formation, this reaction process can 
provide access to valuable macrolide products. 

EXPERIMENTAL 

IR spectra were recorded on a Nicolct 5 SX FT-IR 
spectrometer(v_ in cm - *).Bandsarccharacterizedasstroag 
(s), medium (m) and weak (w). ‘H-NMR were recorded on 
BrukerWM-250(25OMHz),WM-5CKt(5OOMHz)or49OMHz 
NMR instruments, and are reported in ppm using CDCI, as 
_..._>__.I ̂ _ ^ I ___I_ T\_._ ___ _-__._.I ^^ I-_ll^...^. _I._-:__, s,linoar(l “I, a 0-sc+i,c. “ala aIF iepurico as l”ll”WJ. sLLc;IulLaI 
shiR,multiplicity(s,singlet ;d,doublet; t, triplct;q.quartct;m, 
multiplet ; br, broad), couplingconstants(Hz)and integration. 
“C-NMR were recorded on a Bruker WM-250 (62.9 MHz) 
and are reported in ppm using CDCI, as standard on a &scale. 
A Hewlett-Packard 5985GC/MS system equipped with a 2% 
OV-101 column (3 ftx 1 x2 mm) on Chromosorb WHP 
100/120 was used to obtain mass spectra. Diastereomer ratios 
were determined by (a) weight measurements of isolated 
materials, (b) NMR integration, or (c) integration of HPLC 
traces (assuming equal response factors for diastereomers), or 
a combination of these methods. 

All reactions werecarried out under N, and weremonitored 
by analytical TLC using E. Merck silica gel 60F-24glass plates 
(0.25 mm). Flash chromatography was carried out using E. 
Merck silica gel 60 (2304&l mesh). 0, was produced by a 
Welsbach Corporation Ozonator. style T-709, with the 
voltage set at 100 V and oxygen pressure at 7 psi to give 
F_____:_^._l.. -0, r\ ______.__.:__ .l, ~:..:I,_.:__” . ..___ ~ppr”nnnalcry L,o “, c”ncenllau”n. ,411 “IsLIIIaLLI”IIs were 
performed under N,. Iron(H) sulfate was recrystallized from 
an EtOH-H,O bilayer, washed with Et,0 and dried under 
high vacuum overnight. 

Acid-calulyzed peroxykeralization of cis-2-[5-(2,2-dimerhyl- 
I ,3-dioxanyl)]mefhyWmerhylcyclohexan- I -one, 1 

The diol function of 1 was deprotected by a standard 
procedure using 1 N HCI-THF in quantitative yield. The 
resulting tricyclic ketal(15 mg, 0.082 mmol) was dissolved in 
dry Et20 soln of H20, is (2 ml) at -78” and treated with 
tritluoroacetic acid (2 ml) for 1 h. The reaction was quenched 
withEt,N(3ml),dilutedwithEt,0(5ml)andwarmedtoroom 
temp. The soln was washed with 5% NaHCO, aq (5 ml), Hz0 
(5 ml)and brine(5ml),driedover MgSO,andconcentratedin 
vacua. Flash chromatography (hexanes-EtOAc, 1: 1) pro- 
vided the mixture of hydroperoxides. HPLC (5 pm Porasil, 
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20.54. 23.43. 24.21, 24.83, 25.01, 30.37, 33.04, 40.96, 68.52, 
127.05. 133.51, 173.34. IR (CH,CI,) 2977 (m), 2933 (s). 
2855(m), 1718(s), 1457(m), 1363(m),978(m)cn~‘.MS(EI~70 
cVl (rel. int.) 196 (M’. 100). HRMS talc 196.1464: obtained 
l96i47I. ’ ’ 

Compound 23 prepared in this manner is contaminated 
with co 15% of a second compound, presumed to be cis- 
rccifciolide,‘9 which could not be separated by chromatog- 
raphy : 1.25 (d, J = 6.2 Hz). 

Compound27. ‘H-NMR(CDCIa,490 MHz),6 1.2l(lH.m), 
1.22(3H,d,J = 6.3Hz),1.38(3H,m),1.50(1H,m),1.78(3H,m). 
2.10(4H,m),2.30(1H,brs),2.40(1H,ddd,J = 13:9,6.0,3.5Hz), 
4.83(1H,ddq,J = 9.6,3.8.6.3Hz),5.15(1H,ddd.J = 14.9.7.2, 
7.2 Hz), 5.44 (lH, ddd. J = 14.9, 4.6, 4.4 Hz). “C-NMR 
(CDCl,, 62.9 MHz) d 20.27, 20.86. 24.48, 24.87;29.57.30.15, 
34.88. 35.71.7256. 126.86. 133.27. 173.24. IR (CHCI,) 2975 
(m),2933(s);2855(&. 1717(s), 1457(m),974(mjcm~‘.tiS(EI, 
70 eV) m/z (rel. int.) 196 (M’, 100). HRMS talc 196.1464; 
obtained 196.1468. 
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