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ABSTRACT: The Monte Carlo search of the low-energy regions ofD-mannitol (4) andD-glucitol (5) conformational
space was undertaken in order to investigate conformational effects on the stereochemistry of the acid-catalyzed
dehydrative cyclization reaction of4 and5 to the corresponding 1,4:3,6-dianhydrohexitols. It was found that although
dominant conformations in water resemble closely the crystal state conformations of4 and5, the same is not true in
solvents of low polarity. The magnitudes of the calculated energies of the reactive conformations for the dehydrative
cyclization reaction suggest anSN2 mechanism with a late transition state. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The mechanism of the dehydration of secondary 1,4-diols
to tetrahydrofurans, under acidic conditions, proceeds
stereoselectively by anSN2-type mechanism with inver-
sion of configuration at either of the chiral carbon atoms.1

In the cyclization of primary–secondary (a) or second-
ary–tertiary (b) 1,4-diols, dehydration takes place with
inversion of configuration at the more substituted carbon
atom and with retention of the stereochemistry of the less
substituted chiral carbinol carbon atom2 (Scheme 1).

However, hexitols (1) undergo the elimination of
water, under acidic conditions, with retention of config-
uration at the more substituted carbon atom, secondary
carbons C-3 and C-4, which means that the primary

hydroxyl groups at C-1 and C-6 are eliminated (Scheme
2), rather than the hydroxyl groups from secondary
positions.3–6 An SN2 reaction mechanism beginning with
protonation of primary hydroxyl followed by inversion at
the primary carbon atom has been suggested,6 and
supported5 by the reaction of acid-catalyzed dehydration
of (1S)-[1-2H]-D-mannitol. The occurrence of 2,5-anhy-
drides, as minor products in this reaction, is most readily
explained6 on the basis of the intermediate formation of
1,2-epoxides. The possibility that 1,2-epoxides are
intermediates in the formation of 1,4 anhydrides has
been shown6 to be unimportant in this type of reaction,
possibly because of inability of the molecules to satisfy
stereoelectronic demands7 of the transition state. The
detailed stereochemical pathway of the dehydration
reaction of hexitols has been considered previously.3

In earlier work,3 the mechanistic and stereochemical
factors implicated in the unusual stereochemical course
of this dehydration reaction (1 → 2 → 3) (Scheme 2)
were considered qualitatively. It was suggested3 that the
preferred conformations of the starting hexitols,D-
mannitol (4) andD-glucitol (5), play a major role in the
course of the dehydration cyclization reaction. The idea
is summarized in Schemes 3 and 4. The most stable
conformations,6 and9 of D-mannitol (4) and11 and14
of D-glucitol (5), were suggested3 to lead to the high-
yield products. The conformational stability was esti-
mated3 qualitatively, based on the assumed tendency of
hexitols to avoid 1,3-interactions of parallel C—O bonds.
However, in the light of recent theoretical studies on the
conformations of inositols8, it appears that intramolecular
hydrogen bonds are dominant in determining conforma-
tions and conformation-related properties of polyfunc-

Scheme 1.
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tional alcoholsin the gasphaseandpresumablyin non-
polar solvents.It hasbeencalculated8 that the order of
conformationalstability may be reversedin aqueous
solution.

Comparingthe relative energiesof the scyllo-, myo-,
neo-, epi- and dl-inositols, calculatedby the ab initio
MP2/6–31�G* method8 andalsoby theMM2 method,
we were able to the estimate the significance of
conformationalstabilizationintroducedby oneintramo-
lecular hydrogenbond. The estimatedvalue is 2.0 –
2.5kcalmolÿ1, dependingon thetypeof hydroxyl group
involved: eq–eq, eq–ax, ax–ax. The experimentally
determined9 value of the hydrogen bond strength is
1.9kcalmolÿ1 for the eq–eq orientations and 2.2–
2.5kcalmolÿ1 for the ax–eqorientationof OH groups.

Theseexperimentallydeterminedvaluesof thehydrogen
bondstrengtharecloseto the calculatedvalues.There-
fore, in a non-polarsolvent,any conformationmay be
considerablydestabilizedby the absenceof only one
intramolecularhydrogenbond.An ax–axintramolecular
hydrogenbondstrengthof 1.6kcalmolÿ1 (in CCl4) was
measured10 for cis-cyclohexane-1,3-diol.The amountof
the internally hydrogen bonded conformer of cis-
cyclohexane-1,3-dioldecreasedconsiderably10 on going
from non-polarCCl4 to aqueoussolution.The ability of
the MM2 program to account properly for the 1,3-
interactionsof the C—O bonds in alditols has been
demonstrated11 by successfulreproductionof theexperi-
mentalvaluesof thevicinal protoncouplingconstantsof
25 peracetatesof alditols, including peracetatesof D-

Scheme 2.

Scheme 3.
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mannitol(4) andD-glucitol (5). WebelievethatMM2 is a
suitablemethodto be usedto reinvestigatethe sugges-
tions in theearlierwork.3

In this work, we investigatedthe earlier suggestions3

more thoroughly. Using molecular mechanicscalcula-
tions in combinationwith a MonteCarloroutine(for the
automaticsearchof conformationalspace),the confor-
mationalspaceof the startingcompounds4 and 5 was
calculated.Thisallowedprobabletransitionstatesfor the
dehydrativecyclization reactionto be postulatedwhich
are consistentwith the observedproductsand stereo-
chemistryof this reaction.

EXPERIMENTAL

The calculationalapproach12 usedin this work was the
Monte Carlo conformationalsearchmethodin torsional
anglespace,in combinationwith Allinger’s MM2 force
field13 used for geometry optimization. This method
permitsaconformationalsearchin low-energyregionsof
theconformationalspacewhile the‘temperatureshaking’
procedurefacilitatesescapefrom deeplocal minima.To
take into account the effect of solvation, the solvent
dielectric constants were used in the electrostatic

interaction calculations. A dielectric constant of 1.5
wasusedfor vapor-phaseand non-polarsolventsand a
valueof 80 wasappliedfor water.

Theheatsof formation(HF) of theprotonatedspecies
were calculatedusing the PM3 semiempiricalquantum
chemical method of the HyperChem 4.0 program
package (Hypercube, Waterloo, ON, Canada), after
PM3 optimizationof thegeometry.

The couplingconstantswerecalculatedby the option
in thePCMODELprogram(SerenaSoftware,Blooming-
ton, IN, USA), which is basedon Haasnootet al.’s
method.14

RESULTS AND DISCUSSION

First we investigatedthe low-energy regions of the
conformationalspaceof the moleculesD-mannitol (4)
andD-glucitol (5) in a searchfor their global minimum
conformationsand the other low-energyconformations
possessingorientationof thefunctionalgroupssuchasto
assista dehydrativecyclizationreaction.

In the caseof D-mannitol (4), a Monte Carlo run of
2500 stepswas performedwith a dielectric constantof
1.5 and 117 conformationswere located within the

Scheme 4.
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energywindow of 8 kcalmolÿ1 above the local mini-
mum.Theglobalminimumconformation4a (Fig. 1) was
found to have conformational energy E =ÿ4.47
kcalmolÿ1. This conformationis stabilizedby two sets
of hydrogenbonds:1-OH,2-OH,4-OHand3-OH,5-OH,
6-OH.Thelowestenergyconformationwith anextended
planar,zig-zagarrangementof thecarbonchain,4b (Fig.
1), was found at 6.81kcalmolÿ1 above the global
minimum conformation,and consequentlycontributes
very little to the conformationalmixture in non-polar
solvents.

A MonteCarlorunof 1700stepswascarriedoutusing
a solventdielectric constantof 80. D-Mannitol (4) was
found to be highly flexible in both polar and non-polar
solvents.Ninety-six conformationswere found in the
low-energy region within the energy window of
6 kcalmolÿ1 abovethe global minimum. Sixteencon-
formationswere found within only 1 kcalmolÿ1 above
the global minimum. The conformationsrepresentedin
Fig. 1 werefound to be the global minimum conforma-
tion of E = 5.61kcalmolÿ1 and the lowest energy
conformation with an extended carbon chain of
E = 8.78kcalmolÿ1, respectively.The energy gap be-

tween the global minimum conformation and the
extendedcarbon chain conformation which has been
found in the crystalline state15,16 is reduced to
3.17kcalmolÿ1 comparedwith 6.81kcalmolÿ1 in non-
polar solvents.The amount of extendedcarbon chain
conformation in polar solvents is probably somewhat
underestimatedowing to the crudemodel of solvation.
The MM2 method accounts for solvation effects
attenuatingelectrostaticinteractionswithin the solute
molecule with increasing solvent dielectric constant.
However,it doesnot take into accountspecificsolute–
solvent interactions such as solute–solventhydrogen
bonds.Nevertheless,the calculationsdemonstratethat
the proportions of extended conformations decrease
considerablyon going from polar to nonpolar solvents.

In the caseof D-glucitol (5), two Monte Carlo runs
were performedwith dielectric constantsof 1.5 and 80
and with 3500 and 4000 steps, respectively.With a
dielectricconstantof 1.5,61 conformationswerelocated
in the low-energyregion,within the energywindow of
8 kcalmolÿ1. The global minimum conformation,5a, is
bent (Fig. 2) and has a conformational energy
E =ÿ4.68kcalmolÿ1. The lowest energyconformation
with the extended carbon chain, 5b, is only
0.84kcalmolÿ1 aboveit (Fig. 2). In polarsolvents,with
a dielectric constantof 80, D-glucitol is still highly
flexible. Ninety conformationswere found within the
energywindow of 8.5kcalmolÿ1. The global minimum
conformation has a conformational energy E = 5.0
kcalmolÿ1 and,exceptfor the orientationof someO—
H bonds(2-OH, 4-OH, 6-OH), it is bent and identical
with the global minimum conformationin a non-polar
solvent. The lowest energy conformation with an
extendedcarbon chain is only 0.37kcalmolÿ1 above
theglobalminimum.

Theseresultsarein generalagreementwith theresults
of MD simulations17,18 where fixed-bond, fixed-angle
models of 4 and 5 were studied in a vacuum, in an
artificial non-polarsolventandin water.Bothcompounds
werefoundin thatstudyto beveryflexiblein vacuumand

Figure 1. Global minimum conformation, 4a, and the lowest
energy extended carbon chain conformation, 4b, of 4

Figure 2. Global minimum conformation 5a of 5, the lowest energy extended carbon chain conformation, 5b, and the
conformation 5c found in crystal
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in solution.It wasfound that 4 adoptsa bentconforma-
tion in a vacuumandnon-polarsolventsandan almost
fully extendedconformationin water, whereas5 was
foundto havea bentconformationbothin a vacuumand
in water.

Bothcomputationalmethods,MD simulations17,18and
MM2, predicthighflexibility of 4 and5 in a vacuumand
in aqueoussolution.This is in accordancewith experi-
mentalNMR results.18 OtherNMR results18 suggestthat
in the aqueoussolution and in the crystal state both
moleculeshave an anti orientation around the central
C3—C4 bond. This is perfectly reproducedby our
calculations.All thelow-energyconformationsof 4 and5
have torsional angle f2 (C2—C3—C4—C5)close to
180°. The MD simulations18 of 4 and 5, in aqueous
solution, afforded meanf2 anglesnear 90° and 137°,
respectively.The mostprobablevaluesof the other two
carbon chain torsional anglesf1 (C1—C2—C3—C4)
and f3 (C3—C4—C5—C6), determinedby NMR,18

moleculardynamics18 andMM2, are as follows: for D-
mannitol (4), f1 = 180° (NMR), 180° or 120° (MD),
ÿ60° (MM2) andf3 = 180° (NMR), 180° or 120° (MD),
ÿ60° (MM2); and for D-glucitol (5), f1 = 180° or 60°
(NMR), 60° (MD), 180° (MM2) andf3 = 180° (NMR),
180° or 0° (MD), 180° or ÿ60° (MM2). The values
determinedexperimentallywere mainly reproducedby
our calculations,the discrepanciesbeing attributed to
underestimatedsolvation effects, which are discussed
below.

Analysis and comparison of the calculated and
experimentally determined18 vicinal H—H coupling
constantsof 4 and5, (Table1) afford additionalinsight
into the conformationsof thesecompoundsin solution.
Statisticallyweightedaveragesof theJ valuescalculated
in this work for all the conformationsof 4 and5 within
1 kcalmolÿ1 abovetheglobalminimumarepresentedin
Table 1. It was estimatedthat the remaining higher
energyconformationswill contributelessthan10%to the
calculated coupling constants.The interior coupling
constantJ34 is remarkablystablein thesetof conforma-
tions studied, for both 4 and 5. Its low value, both
calculatedand determinedexperimentally,suggestsan

anti orientationand relative rigidity aroundthe central
C3—C4bondin both 4 and5. The calculatedvaluesof
J12, J1'2 andJ56, J56' covera large rangeof magnitudes
but their statistically weightedvaluesare in relatively
good agreementwith the experimentally determined
values.Theonly significantdiscrepancies,presumablya
consequenceof thecrudemodelof solvationused,appear
for J23 andJ45 andsuggestthat theconformations4b, 5c
andperhaps5b arepresentin solventsof high dielectric
constant,and are underestimatedin our calculations.
Indeed,the wateraccessiblesurfaceareasof 4a and4b,
as calculatedby PCMODEL, and the relatedoctanol–
water free energiesof transfer,DG, equalto ÿ12.5 and
ÿ14.0kcalmolÿ1, respectively,indicate further stabili-
zation (around 1.5kcalmolÿ1) of 4b in water. This
additionalstabilizationof 4b is notaccountedfor in MM2
calculations.ThecorrespondingDG valuesfor 5a,5b and
5careÿ12.3,ÿ12.3andÿ13.9kcalmolÿ1, respectively,
predictingrelativestabilizationof 5c in a polar solvent.
Apparently, relative to a non-polar solvent, water
stabilizesan extendedconformationof 4 and the bent
conformation5c of 5. With this hydrationeffect taken
into account,the agreementbetweenour calculatedand
theexperimentallydeterminedcouplingconstantswould
beimproved.A comparisonof theexperimentalvaluesof
J23 andJ45 in waterandin thelesspolarpyridinesuggests
in additionthattherelativeproportionsof conformations
4b and 5c decreasein solventsof lower polarity. It is
therefore reasonableto assumethat in non-polar and
aproticsolventstheconformationaldistributionof 4 and
5 will be representedbetterby good-qualitycalculations
in the gasphase(dielectricconstant= 1.5 in MM2) than
by the experimentallydetermineddistributionin a polar
solvent.

In an earlierpaper3, we suggestedthat the reactionof
dehydrativecyclizationof D-mannitol(4) andD-glucitol
(5) with retentionof configurationat themoresubstituted
carbonatomto the correspondingfive-memberedcyclic
ethersoccurs through an early, reactant-liketransition
state.Theproportionsandtypeof productsdependonthe
stability of the reactantconformationsleading to the
correspondingproduct.We endeavoredhereto identify

Table 1. Calculated and experimentally determined vicinal H±H coupling constants, J (Hz)

D-Mannitol (4) D-Glucitol (5)

Calc.a Calc.a Calc. Exp.b, Exp.b, Calc.a Calc.a Calc.a Calc. Exp.b, Exp.b,
J 4a 4b 4 H2O pyridine 5a 5b 5c 5 H2O pyridine

J12 4.60 4.65 4.54 6.43 6.17 3.14 3.27 3.91 3.14 3.55 5.15
J1'2 6.13 7.03 2.68 2.93 4.19 5.08 2.72 6.83 4.20 6.55 5.90
J23 2.68 9.31 2.79 8.99 8.23 0.25 0.12 9.45 0.20 6.0 4.25
J34 0.90 1.61 1.65 1.02 0.82 0.34 0.93 0.74 0.34 1.7 2.0
J45 2.25 9.56 9.32 3.83 8.25 7.89
J56 6.84 7.71 7.20 6.98 6.3 5.94
J56' 4.23 6.18 6.23 3.64 2.95 4.07

a J12, J1'2, J56 andJ56' areweightedaverages(OH rotationaroundC1—C2,C5—C6)for thegiven carbonchainconformation.
b Ref. 18.
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thelow-energyconformationswhich couldpossiblygive
(i) reactionproductswith retainedconfigurationat more
substitutedcarbonatom and (ii) reactionproductswith
invertedconfigurationat moresubstitutedcarbonatom.

Sincetheacidic dehydrationof D-mannitol(4) andD-
glucitol (5) hasbeenmostoftencarriedout in non-polar
solvents19 suchasbenzene,tolueneandxylene,in which
they were almost insoluble,and the water formed was
removed by azeotropicdistillation, we adopteda di-
electric constantof 1.5 as suitable for all the present
calculations.

In the case of D-mannitol (4), the lowest energy
conformation,6 (Scheme3), leadingto the intermediate
1,4-monoanhydromannitol 7, is found at the energy
E = 1.92kcalmolÿ1 (Fig. 3), only 2.55kcalmolÿ1 above
the global minimum conformation,which implies that
with small energycosts,thecompoundis broughtto the
conformation suitable for the reaction to occur. On
conformationalgrounds,thereactionleadingto 7 should
be easyand fast. On the other hand,the lowest energy
conformation,6a, leadingto 1,4 cyclodehydrationwith
inversionof configurationat themoresubstitutedcarbon
atom,is foundat theenergyE = 1.86kcalmolÿ1 (Fig. 3),
i.e. 6.33kcalmolÿ1 abovetheglobalminimum.Although
the protonationof the secondaryhydroxyl, compared
with theprotonationof theprimaryhydroxyl groupof 4,
is calculatedto be favoredby 2.2kcalmolÿ1, the transi-
tion state with this conformationwould still be high
enough,relativeto 6, to preventformationof theproduct.

All the conformationsleading to the 2,5-monoanhy-
dride of mannitol 10 (Scheme3), wherethe secondary
hydroxyldisplacesasecondaryhydroxyl,areveryhighin
energy,10–15kcalmolÿ1 above the global minimum,
indicating that product 10 will not be formed in the
reaction.However,10 is obtained5 experimentallyfrom
D-mannitoland in a relatively high yield. This suggests
that anotherreactionmechanismoperatesin this case,
involving epoxideintermediateformationwith inversion
of configurationat C-2 (C-5) asproposedearlier6 for the
formationof 10.

In the caseof D-glucitol (5), the experimentalresults
(Scheme 4) reveal the formation of only one 1,4-
monoanhydroproduct,12, leading further to 13. How-
ever,theconformation11of 5 (Scheme4,Fig.4), leading
to the product12, hasan energyof E = 1.52kcalmolÿ1,
andis 6.2kcalmolÿ1 abovetheglobalminimum.On the
other hand the conformation 14 (Scheme4, Fig. 4),
leadingto theother3,6-monoanhydroproduct15, which
hasnot beenobtainedexperimentally,is calculatedto be
only 1.63kcalmolÿ1 (E =ÿ3.05kcalmolÿ1) abovethe
global minimum. The formation of 12 from 5 hasbeen
rationalizedearlier6 on the basisof C-2 hydroxyl group
orientationrelative to the C-1 leaving group and on its
inductiveeffectconsequences.However,we believethat
this is not theonly explanationsincetheO—C1—C2—O
(O—C5—C6—O)torsional anglesin the two reactive
conformations,11and14, differ by only 10°, theirvalues
beingÿ56° and46°, respectively(Scheme4).

This discrepancyin thepredictionof theD-glucitol (5)
product distribution prompted us to investigate the
alternative possibility, that of a late transition state
similar to the reactionproduct.The late transitionstate
wasbuilt usingthecorrespondingreactiveconformations
of 4 and 5 discussedabove.The ring wasmadeby the
formationof aC—Obondandthemoleculewasallowed
to relax. An MC searchwas doneto find the optimum
conformationof eachsubstituentand the ring torsional
anglesclosestto thecorrespondinganglesin thereactive
conformation of the starting compound.The reactive
conformationis the lowestenergyconformationsatisfy-
ing stereoelectronicconditions for the SN2 reaction
leadingto desiredproduct.

In thecaseof D-mannitol(4), thecyclic transitionstate
modelsTS7 andTS7a, leading,respectively,to product
7, and to the hypotheticalproduct possiblein the 1,4-
cyclodehydration reaction with elimination of the
secondaryhydroxyl, aregiven in Fig. 5. Their energies
are E = 8.98 and 12.45kcalmolÿ1, respectively. The
considerablylower energyof the former transitionstate
model suggestsexclusive formation of 7, as found

Figure 3. The lowest energy conformations, 6 and 6a, of 4
leading to 7 and to the hypothetical 1,4-anhydrohexitol
obtained by inversion of con®guration at more substituted
carbon

Figure 4. The lowest energy conformations 11 and 14,
leading to 12 and to hypothetical 15, respectively
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experimentally.The cyclic transitionstateleadingto 10
(Scheme3) is 2 kcalmolÿ1 higher in strainenergythan
TS7, suggestingagain the intermediateformation of a
1,2-(5,6)-epoxidewhich can rearrangeto form a 2,5-
anhydridewith inversionof configurationat C-2 (C-5).

In the caseof D-glucitol (5), the energiesof the two
cyclic transition-statemodels,TS12andTS15, leadingto
the 1,4-monoanhydroproduct 12, and to the 3,6-
monoanhydroproduct 15, respectively (Fig. 6), are
comparable,E = 10.1 and 9.7kcalmolÿ1, respectively.
Comparedwith the correspondingreactantconforma-
tionsdiscussedabove,this implies a significantincrease
in theenergyof the transitionstatemodelleadingto the
3,6-monoanhydroglucitol 15, andconsequentlypredictsa
smallerproportionof product15, which is in agreement
with the experimental data. Therefore, although the
product distribution is not reflectedquantitatively, the
calculatedvaluessuggestthat the transition statesare
most likely product-likeandthat sterichindrancein the
transition state leading to product 15 accountsfor the
negligibleamountformedexperimentally.Moreover,the
lowest energy conformation of 5 leading to the 1,4-
cyclodehydrationreactionwith eliminationof a second-

ary C-4 hydroxyl by C-1 hydroxyl has relatively low
energy, E = 3.09kcalmolÿ1. On the other hand, the
cyclic modelof thetransitionstatefor thisreactionhasan
energy of 11.5kcalmolÿ1, 1.5kcalmolÿ1 above the
cyclic transitionstateleadingto 12 (and15). This high
valueof the transition-stateenergypredictsa negligible
amountof the product formed by the elimination of a
secondaryC-4 hydroxyl. This is in agreementwith
experimentalresults.5

Although empirical force field calculationswithout
considerationof quantumeffectsdo not allow a reaction
mechanismto be studiedquantitatively,we believethat
the similarity of the reactants chosen here allows
important qualitative predictionsto be made. We are
actuallycomparingtransitionstatesof thecloselyrelated
isomersin onetypeof a chemicalreaction.Thequantum
effectsassociatedwith bond breakingand bond forma-
tion areexpectedto be very similar. It hasalreadybeen
underlinedthat ‘for most reactionsleading to diaster-
eomericproducts,the reactiontrajectoriesaresosimilar
that, by cancellationof errorsinherentin the force field
method,onecanqualitatively,andoften timesquantita-
tively, determinethepreferredpathway.’20 Hencewecan
concludethat the acid-catalyzedcyclodehydrationreac-
tion of hexitols with retention of configurationat the
moresubstitutedcarbonatomfollows anSN2 mechanism
involving a late, product-like transition state. The
formation of the 2,5-anhydropentinolfrom D-mannitol
doesnotadoptthismechanism,andprobablyinvolvesthe
opening of an epoxide intermediatewith inversion of
configurationat theC-2 (C-5) atom.
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