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ABSTRACT: The macrocyclic lactone brefeldin A was used as a test molecule for the MM3-92 Stochastic Search
conformational searching algorithm. A number of low energy conformers were found and 12 of these were also
subjected toab initio energy minimization using the 3–21G* and 6–31G* basis sets with the Spartan 5.0 package.
There was reasonable agreement between the MM3-92 andab initio results in that almost all of the conformers found
by the former were also stable low energy conformers with the latter. The structure of breflate, an ester analog of
brefeldin, was also determined by X-ray crystallography. There was very good agreement between experimental
structures for the compound and the lowest energy conformer determined by theab initio methods. This was also
among the lowest conformers found by MM3-92. Despite some imperfections in the MM3-92 force field, the
Stochastic Search method was a powerful method for determining molecular conformation. Copyright 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION

Performing a conformational search in a molecular
modeling study can be a difficult task for all but the
smallest molecules due to large numbers of possible
conformers. For example, there are 310 possible con-
formers in a molecule with 10 bonds about which rotation
can occur, where each dihedral angle can have onetrans
and two gauche values. To be sure that the lowest energy
minimum (the global minimum) has indeed been found, it
may be necessary for all of these conformers to be
evaluated. Conformational searching in a cyclic com-
pound presents another problem in that the set of dihedral
angles that describe the ring must allow ring closure. A
number of methods have been developed to allow the
efficient determination of the global minimum of
moderately sized molecules. One promising method,
which is available as a subroutine in the MM3-92
program, is Stochastic Search, which utilizes a Monte
Carlo approach of generating random crude structures
which are then energy minimized.1–3 There are some
recent reports of the use of the Stochastic Search method
for the conformational analysis of crown ethers.4,5 We
wanted to test the Stochastic Search method and brefeldin

A appeared to be an ideal test case because it contains a
medium size ring and also because the molecule, while
moderately complex, does not contain any exotic atom
types.

Brefeldin A is a macrocyclic lactone natural product
with a wide range of antibiotic activities.6 Because of
these biological properties, as well as others, there has
been a strong interest in its total synthesis,7–12including a
stereoselective synthesis of the biologically active
enantiomer.13 A crystal structure of brefeldin has been
determined and used to assign the absolute configura-
tion.14 A previous molecular modeling study of brefeldin
and some of its derivatives, which only reported a limited
number of torsion angles, found that a rigid and planar
lactone ring was necessary for its cytotoxic and
antifungal activities.15

In addition to the MM3-92 energy minimizations,ab
initio quantum mechanical calculations using different
basis sets were performed on the lowest energy
conformers found by MM3-92. These included energy
minimizations using the 3–21G* basis set, 6–31G* single
point calculations on the 3–12G* structures, and energy
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minimizationsusingthe6–31G* basisset.This allowsa
detailedcomparisonof differentmethodsfor determining
conformationalenergiesand geometriesand provides
insightinto thereliability of thesemethods.Also, anovel
crystal structure was obtained for breflate, an ester
prodrugof brefeldinthathasbettersolubility in water.16

Finally, a detailed conformational analysis was per-
formedon brefeldinby NMR spectroscopy.17

Experimental

MM3-92

The MM3-92 program18 andparametersetwasusedfor
the molecularmechanicsstudiesof brefeldin.The only
missingparametersfor thecompoundwerethe torsional
parametersfor the sequenceH–Csp2–Ccarbonyl–Osp3. As
computed by 6–31G* ab initio calculations on
H2C=CH—COOCH3, the energy difference between
the two conformersin which the carbonyl is trans or
eclipsedto thedoublebondis 0.6kcal/molin favorof the
latter. This was usedto set the torsionalparametersto
V1 = 1.2, V2 = 10.0, and V3 = 0.0. After the initial
conformationalsearches,it was clear that there were
someproblemswith the computedstructureof the allyl
alcohol moiety in brefeldin. However, the 1996 para-
metersetfor MM3 hadimprovedvaluesof the torsional
constants for Csp2–Csp2–Ccarbonyl–Osp3 (V1 = ÿ0.5,
V2 = 1.0 and V3 =ÿ0.985) and these were used to
computethefinal reportedMM3-92 structures.

Conformational searchingwas performed with the
StochasticSearchfeature of the MM3-92 program to
generatepossibleconformationsof brefeldin.Briefly, this
method randomly moves the atoms in a starting
conformationa certaindistancedependingon a specified
parameterandageneratedrandomnumber.Theresulting
crudestructureis thenenergyminimized in two stages.
Thefirst minimizationis with theblock diagonalmethod
sincethis is a morerobustandfastermethodfor a crude
structurewith a very high energy.After this, the full
matrix method, which producesmore consistentfinal
structures, is used to achieve the final minimized
conformation.Thenewlygeneratedconformermustthen
meet certain criteria, such as having the correct
stereochemistry,to be accepted.If these criteria are
met, the conformer is stored and the processis then
repeatedto generatea new conformer.Typically, low
energyconformerstendto befoundmanytimeswithin a
run. The StochasticSearchfeatureis particularly suited
for dealingwith mediumsizedring structures,suchasin
brefeldin, sincesystematicconformationalsearchesare
more difficult due to the necessityof finding sets of
dihedralanglesthat closethe ring.

Thereareseveralparametersthat mustbe set for the
Stochastic Search method. PUSHORIG controls the
maximum distancethat any atom is allowed to move.

Forthefirst two runs,thiswassetat0.50Å. However,the
molecule tended to return repeatedlyto the previous
conformationwith this valueof the parameter.For later
runs, therefore,a value of 0.75Å was used and the
moleculewasmuchlesslikely to return to the previous
conformation.A secondparameteris FRANwhich,if it is
lessthanarandomnumber(0 to 1), causestheprogramto
obtainthe next startingstructurefrom the previousone.
This was set to 0.01 so that this was the most likely
occurrence.Otherwise,thestartingstructurewaschosen
from conformationsthat hadbeenpreviouslygenerated.
The parameterWIDTH, which wasset to 0, causesthe
nextstructureto berandomlyselectedfrom theprevious
stored conformation rather than by an exponential
weightingfunction.The parameterADDIN is an energy
incrementthat is addedto a previouslystoredconformer
eachtime it is selectedasastartingconformerin orderto
preventthe sameonefrom beingchosenrepeatedlyand
this wassetto 0.5.

In this work, eachindependentrun wassetto contain
2000energyminimizedconformersthat weregenerated
from a singlestartingconformation.In all, 12 suchruns
wereperformed,eachwith a differentstartingconforma-
tion.Thestartingconformationswerevariedtotry toensure
that theconformationspacewasfully explored.Thefirst
few startingconformationswerelow energyconformers,
whereasthelateroneswerehighenergyconformersfound
in previousruns and someeffort was madeto choose
conformerswith quitedifferentdihedralangles.

Since brefeldin contains five chiral centers,it was
necessaryto usethe featurethat checksfor the correct
stereochemistry.That is, the crude structure that is
initially generatedmust have all of the same chiral
centers.After theenergyminimizations,thestereochem-
istry is againcheckedanda conformeris only storedif it
haspreservedthecorrectstereochemistry.Brefeldinalso
contain two trans double bonds. The version of the
programthat we used,however,doesnot checkfor the
correct configurationabout double bonds,and confor-
merswith cis doublebondswereeliminatedlater.

A numberof changesweremadeto theMM3-92source
codeto correctpossibleerrors* and to reducethe CPU
time necessaryfor the executionof the code.First, the
original programperformedbotha block diagonalanda
full matrix minimization of the starting conformation.
This is problematicfor compoundswith chiral centers
sincethefull matrix minimizationcausestheprogramto
losetrackof thestartingstereochemistryandcaninvert it
to its mirror image.19Thiswasfixedby only performinga
block diagonalminimization for the starting structure.
However,therewasstill aproblemof chiralinversionwith
thefull matrixminimizationsthatarethelaststepfor each
new conformer.Therefore,if the first chiral centerhad

*One of the reviewers indicated that the problems with chiral
inversionsandenergygoingup havebeenfixed in the 1996andlater
versionsof MM3.
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beenmodifiedduringthecourseof theminimization,the
conformerwasautomaticallyinvertedto its mirror image.
The testfor thecorrectstereochemistrywasthencarried
outonceagainto ensurethat it hadnot changed.

A secondchangethat was madeto the sourcecode
concernsthe numberof energyminimizationsthat are
carriedoutfor eachnewcrudeconformerthatisgenerated.
Sincethe startingcrudeconformertypically hasquite a
high energy, the initial block diagonal minimization
wouldoftenstopatanotherhighenergyform becausethe
minimization would terminate,most often due to the
computed energy going up after a particular step.
However, it was found that repeatedcycles of block
diagonalminimizationswould usually result in confor-
merswith muchlowerenergies.Therefore,five cyclesof
block diagonalminimizationswere performedfor each
new crude conformationprior to the full matrix mini-
mization.Also, the stereochemicalinversionsthat occur
during the energyminimizationsalmost always did so
during theseinitial block diagonalminimizationssince
they were performed on structures with very high
energies.Since the full matrix minimizationsare con-
siderablymoreexpensivein termsof the requiredCPU
time, it was advantageousto check for the correct
stereochemistryprior to the full matrix minimizationas
well asafter.If thestereochemistryhadchangedafterthe
block diagonalmethod,the conformerwasdiscardedat
that point. These changesresulted in a much higher
percentageof lower energyformsbeinggenerated.

After a conformer has been energy minimized, the
programcomputesitsmomentsof inertiaandteststoseeif
these and the computed energy match a previously
generatedconformer. If they do not, this is a new
conformer,whichis thenstored.If theydo,theconformer
haspreviouslybeengeneratedand the counterfor that
conformeris incremented.Thus,oneobtainsa file which
containsall uniqueconformersandhow often theywere
found.After theMM3-92 programhasbeenrun,another
program,namedSELECT,whichisalsopartof theMM3-
92 package,sorts the acceptedconformationsby their
energiesandtabulateshow frequentlyeachonehasbeen
found.This programwasmodifiedto excludestructures
that had negativevibrational frequencies(i.e. transition
states)and which containedcis double bonds, since
brefeldinonlycontainstransdoublebonds.Thenumberof
cis double bondswas relatively small. After this, the
various individual StochasticSearchruns were merged
into asinglefile andtheSELECTprogramwasrerun.The
finaloutputcontainedall of thelocalminimafoundsorted
by energy and this makesit easy to see if the same
conformerhasbeenfoundrepeatedlyin differentruns.

Ab initio methods

The 12 lowest energyMM3-92 conformersof the 13-
memberedring in brefeldin were transferred to the

Spartan Version 5.0 molecular modeling package.20

Initial ab initio calculationswere performedwith the
3–21G* basis set with full energy and geometry
optimization. The 3–21G* geometrieswere also sub-
jected to a single point calculation using the 6–31G*
basisset.Finally, full energyandgeometricaloptimiza-
tion of the 3–21G* structureswas performedwith the
6–31G* basisset.

Superposition studies

Least squaressuperpositionsof various conformersof
brefeldinobtainedby variouscomputationalandexperi-
mental methodswere performedwith the PCMODEL
program.21

Single crystal X-ray analysis of bre¯ate

A clear plate 0.16� 0.18� 0.32mm crystal of breflate
C20H31NO5 was selectedfor data collection. Data was
collectedonacomputercontrolleddiffractometerwith an
incidentbeamgraphitemonochromator(BrukerP4with
Cu Ka radiation, � = 1.54178Å, T = 295 K). A least-
squaresrefinementusing 35 centeredreflectionswithin
19<2� <55° gavethemonoclinicP21 cell, a = 6.043(2),
b = 11.826(4), c = 15.012(4)Å, b = 96.94(2)° with
V = 1064.9(6)Å3 Z = 2, and dcalc= 1.14 g/cm3. A total
of 2348 reflectionswere measuredin the �/2� modeto
2�max= 115°, of which there were 1721 independent
reflections.Correctionswere applied for Lorentz and
polarizationeffects.A faceindexednumericalabsorption
correction was applied,m = 0.66mmÿ1, and maximum
andminimum transmissionwere0.91 and0.80, respec-
tively. The structurewas solvedby direct methodsand
refined on F2 with a full matrix least-squares
SHELXTL97.22 The 238 parametersrefinedincludethe
coordinatesand anisotropicthermal parametersfor all
non-hydrogenatoms.Hydrogenatomsbondedto oxygen
were refined while those bondedto carbon utilized a
riding modelin which coordinateshiftsof carbonswere
appliedto the attachedhydrogenswith bond lengthsof
0.96Å, idealizedbondangles,andUiso (H) setto either
1.2Ueq (C) or 1.5Ueq (C) for methylgroups.Thefinal R
valuesfor all the independentdatawereR1 = 0.053,and
wR2 = 0.128.Thegoodnessof fit parameterwas1.12and
final differenceFourierexcursionswere0.13andÿ0.15
eÅÿ3, Tablesof atomiccoordinates,bonddistances,bond
angles,anisotropic thermal parametersand additional
data collection and refinementparametershave been
submitted to the Cambridge Crystallographic Data
Centreandareavailableassupplementarymaterialfrom
theepocwebsiteat http://www.wiley.com/epoc.

Atom numbering

To facilitate comparisons,the samenumberingconven-
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tion hasbeenusedasin thepreviouslypublishedcrystal
structureof brefeldin.14

RESULTS AND DISCUSSION

MM3-92 Stochastic Search

As can be expected for a 13-memberedring,23 a
considerablenumberof low energyconformationswere
found by the StochasticSearchmethod.In addition to
different possibleconformersof the 13-memberedring,
therearepotentiallyninedifferentcombinationspossible
for the two hydroxyl groups.Table 1 lists the best12
conformationsof the 13-memberedring, all with the
sameoptimal conformationof the hydroxyl groups.As
canbeseen,these12 conformersarewithin 2.8kcal/mol
of theglobalminimum.[The orderingof the low energy
conformersis basedon their energiesascomputedwith
theoriginal forcefield.However,thechangesin theforce
field (see Experimental section) resulted in some
reorderingof theminima.]

A questionthatshouldarisefrom theStochasticSearch
method is how well the conformationspacehas been
sampledand whether the global minimum has been
found.To answerthis, it shouldbenotedthat the lowest
energyforms of the 13-memberedring are found in all

eight of the independentruns. Thus, it is unlikely that
thereis a lowerenergyglobalminimumthathasnotbeen
found. However, the method was less successfulin
picking out different conformationsof the hydroxyl
groupssincethe lowest energycombinationwas found
muchlessfrequentlythanthesecondlowest.In addition,
the lowest energycombinationof the hydroxyl groups
wasnot found in everyindependentrun.

Upon visual inspection,conformersI–III and X–XII
hadthehydroxyl groupequatorialon thefive-membered
ring while the remaining conformersappearedto be
intermediateforms. That is, most of the O–C7–C6–C5
dihedralvalueswerein thevicinity ofÿ110° andmostof
theO–C7–C8–C9dihedralanglesin thevicinity of�140°
ratherthangaucheor trans values.This appearsto be a
flaw in theMM3-92 forcefield sincetheab initio results
starting from these intermediate MM3-92 structures
alwaysproducedaxialconformers(seebelow).Similarly,
startinga MM3-92 energyminimizationfrom a 6–31G*
geometrywith anaxialhydroxylgroupalsoproducedthe
intermediateform, suggestingthat the6–31G* geometry
is not stablewith theMM3-92 forcefield.

Ab initio calculations

The 12 lowest energy-minimizedstructuresof the 13-

Table 1. Dihedral angles (°) and steric energies (kcal/mol) of low energy MM3-92 conformers of brefeldin classi®ed by different
conformers of the 13-membered ring

I II III IV V VI VII VIII IX X XI XII

13-memberedring
C9–C5–C4–C3 56 57 64 71 62 74 66 70 59 54 50 61
C5–C4–C3–C2 ÿ113 87 ÿ111 ÿ107 73 91 87 ÿ109 93 61 87 ÿ110
C4–C3–C2–C1 179 179 179 177 ÿ176 180 ÿ179 174 180 ÿ177 ÿ176 178
C3–C2–C1–O 0 ÿ1 ÿ174 ÿ175 2 0 ÿ2 ÿ175 ÿ3 175 2 0
C2–C1–O–C15 ÿ144 145 135 138 143 140 136 137 140 ÿ140 158 ÿ139
C1–O–C15–C14 59 ÿ106 ÿ76 ÿ60 ÿ151 ÿ79 ÿ90 ÿ120 ÿ93 48 ÿ145 67
O–C15–C14–C13 70 75 89 ÿ63 42 ÿ66 ÿ70 46 84 63 94 77
C15–C14–C13–C12ÿ146 ÿ148 ÿ150 149 62 149 154 64 ÿ144 ÿ153 ÿ51 ÿ146
C14–C13–C12–C11 74 73 68 ÿ94 ÿ146 ÿ77 ÿ89 ÿ150 77 72 ÿ61 84
C13–C12–C11–C10 91 90 98 114 119 ÿ100 98 128 ÿ115 95 162 ÿ112
C12–C11–C10–C9 180 179 176 172 ÿ171 ÿ179 176 ÿ171 ÿ175 180 179 ÿ176
C11–C10–C9–C5 124 126 131 132 131 ÿ30 121 141 ÿ22 117 133 ÿ29
C10–C9–C5–C4 ÿ88 ÿ85 ÿ78 ÿ73 ÿ69 ÿ72 ÿ72 ÿ67 ÿ78 ÿ103 ÿ77 ÿ78
Five-memberedring
C6–C7–C8–C9 39 38 29 19 18 15 21 18 28 44 28 28
C7–C8–C9–C5 ÿ42 ÿ43 ÿ42 ÿ39 ÿ39 ÿ36 ÿ40 ÿ39 ÿ42 ÿ37 ÿ42 ÿ42
C8–C9–C5–C6 28 31 39 43 44 44 43 45 39 15 40 40
C9–C5–C6–C7 ÿ4 ÿ7 ÿ22 ÿ32 ÿ33 ÿ35 ÿ31 ÿ34 ÿ23 12 ÿ23 ÿ23
C5–C6–C7–C8 ÿ22 ÿ19 ÿ4 8 9 13 7 10 ÿ3 ÿ34 ÿ3 ÿ3
Hydroxylgroups
O–C7–C6–C5 ÿ140 ÿ136 ÿ122 ÿ108 ÿ106 ÿ105 ÿ109 ÿ107 ÿ121 ÿ152 ÿ121 ÿ120
O–C7–C8–C9 159 157 147 137 135 133 138 136 146 162 147 147
H–O–C7–C6 ÿ71 ÿ71 ÿ73 ÿ73 ÿ75 ÿ73 ÿ74 ÿ73 ÿ73 ÿ73 ÿ71 ÿ72
O–C4–C5–C9 175 177 ÿ178 ÿ171 ÿ179 ÿ167 ÿ174 ÿ173 179 173 169 179
O–C4–C3–C2 128 ÿ31 131 136 ÿ44 ÿ28 ÿ32 133 ÿ25 ÿ58 ÿ30 132
H–O–C4–C5 180 168 ÿ176 ÿ177 175 163 167 ÿ177 163 180 171 180
Stericenergy 33.0 33.4 32.6 33.2 34.6 34.0 34.3 33.8 34.7 35.0 35.3 35.4
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memberedring foundby MM3-92 werealsosubjectedto
ab initio 3–21G*energyminimization,a singlepoint 6–
31G* calculationfor the3–21G* geometry,and6–31G*
energyminimization.Theseresultsareshownin Table2
and the dihedral angles that described the energy
minimized structuresare listed in the supplementary
material and Table 3. First, all of the energyminima
foundby MM3-92 alsoappearedto beminimaby theab
initio energy minimizations methods. However, the
orderingof the minima wasdifferent. The mostnotable

difference was that the ab initio methods found
conformer II (Fig. 1) to be the global minimum by a
considerableamountascomparedwith mostof theother
conformers.For the 6–31G* calculations,this global
minimum was favored by 1.9–7.9kcal/mol, while it
rangedfrom 0.7 to 9.1 for the3–21G* calculations.This
compareswith a total of only 2.8kcal/mol rangefor the
MM3-92 results.

Superpositioncomparisonswere also madebetween
theenergyminimizedstructuresobtainedby theMM3-92
methodandthe 3–21G* and6–31G* ab initio methods.
Usingall of theatomsin themolecule,thebestagreement
for the correspondingconformerswas betweenthe 3–
21G* and6–31G* resultswith a root meansquare(rms)
deviation of 0.150Å. The MM3-92 structural results
were actually more consistentwith the 6–31G* results
with an rms deviation of 0.384Å as comparedwith
0.462Å for the 3–21G* results.The major structural
differencesbetweenthe correspondingconformersob-
tainedby MM3-92 andtheab initio resultsinvolved the
cyclopentanering with an axial alcoholgroupin the ab
initio calculationsandanintermediateform in theMM3-
92 calculations.Giventheflexibility of a five-membered
ring, it is notsurprisingthatit is thesourceof mostof the
structuraldifferences.

Thereasonfor thecomputedfavorability of theglobal
minimum is not entirely clear. For example,ab initio
calculationswith the 6–31G* basisset for allyl alcohol
indicatedthat the conformationin which the hydroxyl

Table 2. Relative energies (kcal/mol) of ab initio 3±21G* and
6±31G* results for the lowest 12 conformers of the 13-
membered ring found by MM3-92 Stochastic Search

Conformer

3–21G*
energy

minimization

6–31G*
singlepoint
calculation

6–31G*
energy

minimization

I 3.9 3.6 3.7
II 0.0 0.0 0.0
III 3.3 2.4 2.1
IV 3.5 3.8 2.9
V 3.1 4.9 4.3
VI 3.6 5.0 4.6
VII 0.7 2.6 1.9
VIII 5.8 5.4 4.9
IX 2.7 3.1 2.9
X 3.4 4.9 4.8
XI 3.5 3.1 3.1
XII 9.1 7.6 7.9

Table 3. Dihedral angles (°) of 6±31 G* geometry optimized structures of the 12 lowest energy conformers found by MM3-92

I II III IV V VI VII VIII IX X XI XII

13-memberedring
C9–C5–C4–C3 55 55 62 71 59 71 66 71 60 47 49 57
C5–C4–C3–C2 ÿ117 111 ÿ106 ÿ106 92 108 110 ÿ112 111 91 100 ÿ110
C4–C3–C2–C1 168 ÿ174 167 167 ÿ167 ÿ170 ÿ170 164 ÿ171 ÿ168 ÿ171 165
C3–C2–C1–O 16 1 ÿ145 ÿ151 ÿ15 ÿ8 ÿ6 ÿ153 0 149 0 17
C2–C1–O–C15 ÿ159 165 166 158 160 154 150 154 163 ÿ155 173 ÿ156
C1–O–C15–C14 68 ÿ139 ÿ106 ÿ80 ÿ158 ÿ97 ÿ114 ÿ142 ÿ127 59 ÿ157 71
O–C15–C14–C13 67 66 69 ÿ65 37 ÿ65 ÿ70 40 72 61 84 76
C15–C14–C13–C12ÿ138 ÿ135 ÿ124 131 61 138 143 61 ÿ130 ÿ150 ÿ53 ÿ137
C14–C13–C12–C11 72 68 70 ÿ86 ÿ143 ÿ77 ÿ89 ÿ139 79 73 ÿ57 83
C13–C12–C11–C10 102 102 116 132 122 ÿ105 114 132 ÿ125 100 166 ÿ119
C12–C11–C10–C9 ÿ176 ÿ178 179 173 ÿ168 178 179 ÿ176 ÿ178 ÿ176 ÿ175 179
C11–C10–C9–C5 120 122 128 133 130 ÿ10 123 140 ÿ5 117 128 ÿ8
C10–C9–C5–C4 ÿ96 ÿ96 ÿ95 ÿ91 ÿ71 ÿ84 ÿ90 ÿ70 ÿ91 ÿ104 ÿ83 ÿ92
Five-memberedring
C6–C7–C8–C9 43 42 42 ÿ27 ÿ4 ÿ22 ÿ27 ÿ1 ÿ28 42 40 42
C7–C8–C9–C5 ÿ36 ÿ37 ÿ37 3 ÿ22 ÿ4 3 ÿ25 4 ÿ32 ÿ41 ÿ38
C8–C9–C5–C6 16 17 17 22 40 27 22 42 21 9 27 19
C9–C5–C6–C7 10 9 8 ÿ39 ÿ43 ÿ42 ÿ40 ÿ43 ÿ39 17 ÿ3 7
C5–C6–C7–C8 ÿ32 ÿ32 ÿ31 41 30 40 41 28 41 ÿ37 ÿ23 ÿ31
Hydroxylgroups
O–C7–C6–C5 ÿ152 ÿ152 ÿ151 ÿ74 ÿ86 ÿ76 ÿ73 ÿ88 ÿ74 ÿ156 ÿ143 ÿ151
O–C7–C8–C9 165 165 165 91 115 96 91 118 90 165 163 165
H–O–C7–C6 ÿ65 ÿ65 ÿ64 ÿ62 ÿ64 ÿ62 ÿ62 ÿ65 ÿ62 ÿ65 ÿ66 ÿ65
O–C4–C5–C9 175 179 ÿ178 ÿ170 ÿ179 ÿ166 ÿ170 ÿ169 ÿ176 170 172 178
O–C4–C3–C2 124 ÿ10 136 136 ÿ27 ÿ12 ÿ10 130 ÿ9 ÿ28 ÿ19 132
H–O–C4–C5 177 174 179 ÿ179 180 176 176 ÿ179 175 178 177 177
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oxygen eclipsesthe double bond has about the same
energyasthegaucheconformation.Similarly, of thetwo
stableconformationsdueto rotationof thebondbetween
thedoublebondandtheestergroup,thelessfavoredone
(by 0.6kcal/mol), in which thecarbonyloxygenis trans
to thedoublebond,is theonethatappearsin thecrystal
structuresand in the ab initio global minimum. These
resultsalso occur with ab initio calculationson larger
fragmentsof thesesequences(not shown). Thus, the
favorability of conformerII appearsto bea consequence
of the interactions within the whole molecule of
brefeldin.Onepossibility is that the two doublebonds,
whichareacrossfrom eachotherin thering,aremakinga
highly favorableinteraction.Thecloserof thetwo double
bondhydrogensis 2.9Å from both carbonatomsof the
other double bond. This hypothesis was tested by
performing single point 6–31G* ab initio calculations
on pairsof ethylenemoleculeswhich werefixed in the
relative orientations of the 12 6–31G* minimized
structures.Therelativeenergiesof thedifferentethylene
dimerorientationsvariedup to a considerable13.9kcal/
mol. The relativeorientationof the two doublebondsin
conformerII wasthe third bestoneof the 12 andit was
favoredby 5.3kcal/mol or betteramongconformersI,

III, IV andV. Thus,thefavorability of conformerII may
beaconsequenceof areasonableconformationof the13-
memberedring which, at the sametime, also allows a
highly favorableinteractionof the two doublebonds.

X-ray structure

Thecrystalstructurefoundfor breflateis shownin Fig. 2
and the dihedral anglesthat describethe structureare
listed in Table 4. The dihedralanglesthat describethe

Figure 1. Stereoscopic image of global minimum conformer
II as calculated by ab initio 6±31G* calculations

Figure 2. Thermal ellipsoid plot drawn from experimental
coordinates of bre¯ate

Table 4. Dihedral angles (°) of X-ray crystal structures of
brefeldin and bre¯ate derivative

Brefeldina Breflate

13-memberedring
C9–C5–C4–C3 61 58
C5–C4–C3–C2 111 118
C4–C3–C2–C1 ÿ168 ÿ174
C3–C2–C1–O ÿ3 2
C2–C1–O–C15 170 170
C1–O–C15–C14 ÿ146 ÿ146
O–C15–C14–C13 67 61
C15–C14–C13–C12 ÿ131 ÿ131
C14–C13–C12–C11 70 72
C13–C12–C11–C10 101 107
C12–C11–C10–C9 177 179
C11–C10–C9–C5 118 116
C10–C9–C5–C4 ÿ98 ÿ101
Five-memberedring
C6–C7–C8–C9 ÿ35 44
C7–C8–C9–C5 12 ÿ34
C8–C9–C5–C6 15 11
C9–C5–C6–C7 ÿ37 15
C5–C6–C7–C8 44 ÿ37
Hydroxylgroupsb

O–C7–C6–C5 ÿ71 156
O–C7–C8–C9 83 ÿ166
O–C4–C5–C9 ÿ176 180
O–C4–C3–C2 ÿ8 5

a Reference14.
b C7 hydroxyl groupis esterin breflate.

Figure 3. Superposition of crystal structures of bre¯ate and
brefeldin
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previouslypublishedcrystal structureof brefeldin12 are
alsolistedin Table5. Thecrystalstructuresfor brefeldin
andbreflatearesuperimposedin Fig. 3. As canbe seen,
theconformationsof the13-memberedring arevirtually
identicalin thetwo crystalstructures.However,thereare
significantdifferencesbetweenthe two structuresin the
five-memberedring. In brefeldin, the hydroxyl attached
to the five-memberedring is axial, whereas it is
equatorialin the breflatederivative.However,it is well
known that five-memberedrings tend to be highly
flexible so this differenceis not surprising.

In comparingthe MM3-92 low energyconformations
in Table1 with theX-ray crystalstructures,conformerII,
which is 0.8kcal/mole above the global minimum, is
similar to thetwo crystalstructureswith respectto the13-
memberedring. Comparingthedihedralanglesof MM3-
92conformerII with thecrystalstructureof brefeldin,six
arewithin 10°, anadditionalsix arewithin 25°, andoneis
40° awayfrom thecrystalstructure.Theglobalminimum
computedby the ab initio methodsand energetically
favoredby a significantamountis virtually identical to
thestructuresseenby X-ray crystallographywith regard
to the13-memberedring. Comparingthe16atomsof the
two ringsof conformerII ascomputedwith the6–31G*
basis set with the correspondingatoms in the crystal
structureof breflate,the rms deviationis only 0.081Å.
The closecorrespondenceof the crystal structureswith
an ab initio global minimum that is favored by a
significant amountstrongly suggeststhat there is little
structuralflexibility in brefeldin.This is alsoconsistent
with our recent finding using NMR spectroscopythat
brefeldinadoptsa very similar conformationof the 13-
memberedin solution,thoughthehydroxylgroupis axial
on thefive-memberedring ratherthanequatorial.17

CONCLUSIONS

TheMM3-92 stochasticconformationalsearchproduced
a largenumberof low energyconformersfor brefeldin.
When the structuresof the lowest 12 were energy
minimizedby abinitio 3–21G* and6–31G* calculations,
similar geometricalstructureswere found to be stable
minima. However, as noted above, there are some
differences,most notably for axial conformersof the
hydroxyl on thefive-memberedring ascomputedby the
ab initio methodswhich wereintermediateformsby the
MM3-92 calculations.Conformersin whichthehydroxyl
groupis axial on the five-memberedring did not appear
to bestablestructureswith theMM3-92 program.

TheStochasticSearchmethodin MM3-92wasfoundto
be a highly robustmethodfor the determinationof the
molecularconformationsof brefeldin sincethe method
wasableto providea list of low energyconformersthat
could thenbe examinedby ab initio calculations.There
wasreasonableagreementbetweenthe MM3-92 results
andtheab initio resultsin thatcorrespondingconformers

werefoundbybothmethodstobestableandalmostall had
low energies.However,theredid appearto besomeflaws
in theenergyminimizedMM3-92 structuresascompared
with theabinitio results.Theresultsobtainedheresuggest
that thecombinationof theStochasticSearchmethodto
determinepossiblelow energyforms and the ab initio
methodstoprovidehighly reliablestructuresisapowerful
methodfor thedeterminationof molecularstructure.

The very good agreement between the crystal
structuresof brefeldinandbreflateandtheNMR structure
of brefeldinin solutionwith regardto theconformationof
the13-memberedring suggeststhat this conformationis
intrinsically favored since it predominatesin different
molecular environments.A very similar conformation
that is greatly favored by the ab initio calculations
stronglybolstersthis conclusion.
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