JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 887-894 (1998)

Conformational effects on the mechanism of acid-catalyzed
dehydration of hexitols

Lj. Dosen-Micovic'?* and Z. Cekovic'?

"Faculty of Chemistry, University of Belgrade, Studentski trg 16, P.O. Box 158, YU-11000 Belgrade, Yugoslavia
2Institute of Chemistry, Technology and Metallurgy, University of Belgrade, YU-11000 Belgrade, Yugoslavia

Received 27 May 1997; revised 17 February 1998; accepted 4 March 1998

ABSTRACT: The Monte Carlo search of the low-energy regions-afiannitol @) andp-glucitol (5) conformational

space was undertaken in order to investigate conformational effects on the stereochemistry of the acid-catalyzed
dehydrative cyclization reaction dfand5 to the corresponding 1,4:3,6-dianhydrohexitols. It was found that although
dominant conformations in water resemble closely the crystal state conformatidéasdb, 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 &2 mechanism with a late transition staf&.1998 John Wiley & Sons, Ltd.
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INTRODUCTION hydroxyl groups at C-1 and C-6 are eliminated (Scheme
2), rather than the hydroxyl groups from secondary
The mechanism of the dehydration of secondary 1,4-diols positions®>® An S2 reaction mechanism beginning with
to tetrahydrofurans, under acidic conditions, proceeds protonation of primary hydroxyl followed by inversion at
stereoselectively by af2-type mechanism with inver- the primary carbon atom has been suggeSteohd
sion of configuration at either of the chiral carbon atoms. supported by the reaction of acid-catalyzed dehydration
In the cyclization of primary—secondary (a) or second- of (15)-[1-°H]-p-mannitol. The occurrence of 2,5-anhy-
ary—tertiary (b) 1,4-diols, dehydration takes place with drides, as minor products in this reaction, is most readily
inversion of configuration at the more substituted carbon explained on the basis of the intermediate formation of
atom and with retention of the stereochemistry of the less 1,2-epoxides. The possibility that 1,2-epoxides are

substituted chiral carbinol carbon atdifScheme 1). intermediates in the formation of 1,4 anhydrides has
. been showhto be unimportant in this type of reaction,
H ) - possibly because of inability of the molecules to satisfy
SR R stereoelectronic demarfdef the transition state. The
o IRr" —_— \( detailed stereochemical pathway of the dehydration
R H 0 reaction of hexitols has been considered previotisly.
R R" In earlier work® the mechanistic and stereochemical

factors implicated in the unusual stereochemical course
of this dehydration reactionl(- 2 - 3) (Scheme 2)
were considered qualitatively. It was suggestizht the
a R=alkyl, R'=R"~H preferred conformations of the starting hexitols;
mannitol @) andb-glucitol (5), play a major role in the
course of the dehydration cyclization reaction. The idea
Scheme 1. is summarized in Schemes 3 and 4. The most stable
] o conformationsg and9 of b-mannitol @) and11 and14
However, hexitols 1) undergo the elimination of ¢ o glycitol (5), were suggestédio lead to the high-
water, under acidic condlt_lons, with retention of config- yield products. The conformational stability was esti-
uration at the more substltgted carbon atom, secqndarymate& qualitatively, based on the assumed tendency of
carbons C-3 and C-4, which means that the primary peyiols to avoid 1,3-interactions of parallel C—O bonds.
However, in the light of recent theoretical studies on the
*Correspondence to:Lj. DoSen-Micovic, Faculty of Chemistry,  conformations of inositofsit appears that intramolecular
University of Belgrade, Studentski trg 16, P.O. Box 158, YU-11000 hydrogen bonds are dominant in determining conforma-

Belgrade, Yugoslavia. h ) :
E-mail: Imicovic@chem.bg.ac.yu; xpmfh03@yubgss21.bg.ac.yu tions and conformation-related properties of polyfunc-

b. R=R'=R'=alkyl
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tional alcoholsin the gasphaseand presumablyin non-
polar solvents.It hasbeencalculated that the order of
conformational stability may be reversedin aqueous
solution.

Comparingthe relative energiesof the scyllo-, myo,
neco, epi and dl-inositols, calculatedby the ab initio
MP2/6-31+ G* method andalsoby the MM2 method,
we were able to the estimate the significance of
conformationalstabilizationintroducedby oneintramo-
lecular hydrogenbond. The estimatedvalue is 2.0 —
2.5kcalmol™, dependingon the type of hydroxyl group
involved: eg—-eq, eq—ax, ax—ax. The experimentally
determined value of the hydrogenbond strengthis
1.9kcalmol™* for the eg—eq orientations and 2.2—
2.5kcalmol™? for the ax—eqorientationof OH groups.

0 1998JohnWiley & Sons,Ltd.

Theseexperimentallydeterminedraluesof the hydrogen
bond strengthare closeto the calculatedvalues.There-
fore, in a non-polarsolvent,any conformationmay be
considerablydestabilizedby the absenceof only one
intramolecularhydrogenbond. An ax—axintramolecular
hydrogenbondstrengthof 1.6kcalmol™ (in CCl,) was
measuretf for cis-cyclohexane-1,3-diolThe amountof
the internally hydrogen bonded conformer of cis-
cyclohexane-1,3-dioflecreasedonsiderably® on going
from non-polarCCl, to aqueoussolution. The ability of
the MM2 program to account properly for the 1,3-
interactionsof the C—O bondsin alditols has been
demonstratett by successfuteproductiorof the experi-
mentalvaluesof the vicinal protoncouplingconstant®of
25 peracetate®f alditols, including peracetateof D-
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mannitol(4) andp-glucitol (5). We believethatMM2 is a
suitablemethodto be usedto reinvestigatethe sugges-
tionsin the earlierwork?

In this work, we investigatecthe earlier suggestiors
more thoroughly. Using molecular mechanicscalcula-
tionsin combinationwith a Monte Carlo routine (for the
automaticsearchof conformationalspace),the confor-
mational spaceof the startingcompounds4 and 5 was
calculatedThis allowedprobableransitionstatedor the
dehydrativecyclization reactionto be postulatedwhich
are consistentwith the observedproductsand stereo-
chemistryof this reaction.

EXPERIMENTAL

The calculationalapproach? usedin this work wasthe
Monte Carlo conformationalsearchmethodin torsional
anglespace,jn combinationwith Allinger's MM2 force
field*® used for geometry optimization. This method
permitsa conformationakearchn low-energyregionsof
theconformationabpacewhile the‘temperatureshaking’
procedurdacilitatesescapdrom deeplocal minima. To
take into accountthe effect of solvation, the solvent
dielectric constants were used in the electrostatic

0 1998JohnWiley & Sons,Ltd.

interaction calculations. A dielectric constantof 1.5
was usedfor vapor-phaseand non-polarsolventsand a
value of 80 wasappliedfor water.

The heatsof formation (HF) of the protonatedspecies
were calculatedusing the PM3 semiempiricalquantum
chemical method of the HyperChem 4.0 program
package (Hypercube, Waterloo, ON, Canada), after
PMS3 optimizationof the geometry.

The coupling constantsvere calculatedby the option
in the PCMODEL program(Serengoftware Blooming-
ton, IN, USA), which is basedon Haasnootet al.'s
method™*

RESULTS AND DISCUSSION

First we investigatedthe low-energy regions of the
conformationalspaceof the moleculesb-mannitol (4)
and D-glucitol (5) in a searchfor their global minimum
conformationsand the other low-energyconformations
possessingrientationof 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
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Figure 1. Global minimum conformation, 4a, and the lowest
energy extended carbon chain conformation, 4b, of 4

energywindow of 8kcalmol™* abovethe local mini-
mum.Theglobalminimumconformatiorda (Fig. 1) was
found to have conformational energy E=-4.47
kcalmol™t. This conformationis stabilizedby two sets
of hydrogerbonds:1-OH, 2-OH,4-OHand3-OH,5-OH,
6-OH. Thelowestenergyconformationwith anextended
planar,zig-zagarrangemenof the carbonchain,4b (Fig.
1), was found at 6.81kcalmol™* above the global
minimum conformation, and consequentlycontributes
very little to the conformationalmixture in non-polar
solvents.

A MonteCarlorun of 1700stepswascarriedout using
a solventdielectric constantof 80. b-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 kcalmol~ abovethe global minimum. Sixteen con-
formationswere found within only 1 kcalmol™* above
the global minimum. The conformationsrepresentedn
Fig. 1 werefound to be the global minimum conforma-
tion of E=5.61kcalmol™* and the lowest energy
conformation with an extended carbon chain of
E =8.78kcalmol™, respectively.The energy gap be-
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tween the global minimum conformation and the
extendedcarbon chain conformation which has been
found in the crystalline staté>'® is reduced to
3.17kcalmol™* comparedwith 6.81kcalmol™* in non-
polar solvents. The amountof extendedcarbonchain
conformationin polar solventsis probably somewhat
underestimateawing to the crude model of solvation.
The MM2 method accounts for solvation effects
attenuatingelectrostaticinteractionswithin the solute
molecule with increasing solvent dielectric constant.
However,it doesnot take into accountspecific solute—
solvent interactions such as solute—solventhydrogen
bonds. Neverthelessthe calculationsdemonstratethat
the proportions of extended conformations decrease
considerablyon going from polarto non polar 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
dielectricconstanpf 1.5, 61 conformationsverelocated
in the low-energyregion, within the energywindow of
8 kcalmol™*. The global minimum conformation,5a, is
bent (Fig. 2) and has a conformational energy
E = —4.68kcalmol*. The lowest energyconformation
with the extended carbon chain, 5b, is only
0.84kcalmol™* aboveit (Fig. 2). In polar solventswith
a dielectric constantof 80, D-glucitol is still highly
flexible. Ninety conformationswere found within the
energywindow of 8.5kcalmol~2. The global minimum
conformation has a conformational energy E=5.0
kcalmol~* 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 0.37kcalmol™! above
the global minimum.

Theseresultsarein generalagreementith theresults
of MD simulation$”*® where fixed-bond, fixed-angle
models of 4 and 5 were studiedin a vacuum,in an
artificial non-polarsolventandin water.Both compounds
werefoundin thatstudyto beveryflexible in vacuumand

Sa

5b

Sc¢

Figure 2. Global minimum conformation 5a of 5, the lowest energy extended carbon chain conformation, 5b, and the

conformation 5¢ found in crystal
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Table 1. Calculated and experimentally determined vicinal H-H coupling constants, J (Hz)

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

Calc® Calc® Calc. Exp®  Exp” Calc® Calc® Calc® Calc. Exp®  Exp”
J 4a 4b 4 H,O  pyridine ba 5b 5c 5 H,O  pyridine
Jio 4.60 4.65 4.54 6.43 6.17 3.14 3.27 3.91 3.14 3.55 5.15
Jio 6.13 7.03 2.68 2.93 419 5.08 2.72 6.83 4.20 6.55 5.90
Jo3 2.68 9.31 2.79 8.99 8.23 0.25 0.12 9.45 0.20 6.0 4.25
Jz4 0.90 1.61 1.65 1.02 0.82 0.34 0.93 0.74 0.34 1.7 2.0
Jas 2.25 9.56 9.32 3.83 8.25 7.89
Jse 6.84 7.71 7.20 6.98 6.3 5.94
Jse 4.23 6.18 6.23 3.64 2.95 4.07

& J15, J1o, Jse and Jsg areweightedaveragegOH rotationaroundC1—C2,C5—C6)for the given carbonchain conformation.

b Ref. 18.

in solution. It wasfoundthat4 adoptsa bentconforma-
tion in a vacuumand non-polarsolventsand an almost
fully extendedconformationin water, whereas5 was
foundto havea bentconformationbothin a vacuumand
in water.

Both computationamethodsMD simulation and
MM2, predicthighflexibility of 4 and5 in avacuumand
in aqueoussolution. This is in accordancewith experi-
mentaNMR results*® OtherNMR resultd® suggesthat
in the aqueoussolution and in the crystal state both
moleculeshave an anti orientation aroundthe central
C3—C4 bond. This is perfectly reproducedby our
calculationsAll thelow-energyconformationof 4 and5
have torsional angle ¢2 (C2—C3—C4—C5)close to
18C°. The MD simulations® of 4 and 5, in aqueous
solution, afforded mean ¢2 anglesnear90° and 137,
respectively.The mostprobablevaluesof the othertwo
carbon chain torsional angles ¢1 (C1—C2—C3—C4)
and ¢$3 (C3—C4—C5—C9, determinedby NMR,*®
moleculardynamics® and MM2, are as follows: for b-
mannitol (4), ¢1=180C (NMR), 180 or 12C° (MD),
—60° (MM2) and¢$3 =180 (NMR), 180 or 12¢° (MD),
—60° (MM2); and for D-glucitol (5), ¢1=18C or 60°
(NMR), 60° (MD), 180¢° (MM2) and ¢3 =180 (NMR),
18¢° or 0° (MD), 18C° or —60° (MM2). The values
determinedexperimentallywere mainly reproducedby
our calculations,the discrepancieseing attributed to
underestimatedsolvation effects, which are discussed
below.

Analysis and comparison of the calculated and
experimentally determined® vicinal H—H coupling
constantof 4 and5, (Table 1) afford additionalinsight
into the conformationsof thesecompoundsn solution.
Statisticallyweightedaverage®f the J valuescalculated
in this work for all the conformationsof 4 and5 within
1 kcalmol~* abovethe global minimumarepresentedn
Table 1. It was estimatedthat the remaining higher
energyconformationgvill contributelessthan10%to the
calculated coupling constants.The interior coupling
constantlz, is remarkablystablein the setof conforma-
tions studied, for both 4 and 5. Its low value, both
calculatedand determinedexperimentally,suggestsan

§7,18

0 1998JohnWiley & Sons,Ltd.

anti orientationand relative rigidity aroundthe central
C3—C4bondin both 4 and5. The calculatedvaluesof
Jio, J1» and Jsg, Jsg COvVera large rangeof magnitudes
but their statistically weightedvaluesare in relatively
good agreementwith the experimentally determined
values.The only significantdiscrepanciegpresumablya
consequencef thecrudemodelof solvationused appear
for J,3 andJ,ss andsuggesthatthe conformationstb, 5¢
andperhapsbhb arepresentin solventsof high dielectric
constant,and are underestimatedn our calculations.
Indeed,the wateraccessiblesurfaceareasof 4a and4b,
as calculatedby PCMODEL, and the related octanol—
waterfree energiesof transfer,AG, equalto —12.5and
—14.0kcalmol™, respectively,indicate further stabili-
zation (around 1.5kcalmol™) of 4b in water. This
additionalstabilizationof 4b is notaccountedor in MM2
calculationsThecorrespondind\G valuesfor 5a,5b and
5care—12.3,—12.3and—13.9kcalmol™?, respectively,
predictingrelative stabilizationof 5c in a polar solvent.
Apparently, relative to a non-polar solvent, water
stabilizesan extendedconformationof 4 and the bent
conformation5c of 5. With this hydration effect taken
into accountthe agreemenbetweenour calculatedand
the experimentallydeterminedcouplingconstantsvould
beimproved.A comparisorof theexperimentalaluesof
JrzandJ,s in waterandin thelesspolarpyridinesuggests
in additionthattherelative proportionsof conformations
4b and 5c decreasen solventsof lower polarity. It is
thereforereasonableto assumethat in non-polar and
aproticsolventsthe conformationaldistributionof 4 and
5 will berepresentedetterby good-qualitycalculations
in the gasphase(dielectricconstant 1.5in MM2) than
by the experimentallydetermineddistributionin a polar
solvent.

In an earlierpaper, we suggestedhat the reactionof
dehydrativecyclization of b-mannitol (4) andb-glucitol
(5) with retentionof configurationat the moresubstituted
carbonatomto the correspondindgive-memberectyclic
ethersoccursthrough an early, reactant-liketransition
state.Theproportionsandtype of productsdependnthe
stability of the reactantconformationsleading to the
correspondingproduct. We endeavoredereto identify
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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 configuration at more substituted
carbon

thelow-energyconformationswvhich could possiblygive
(i) reactionproductswith retainedconfigurationat more
substitutedcarbonatom and (ii) reactionproductswith
invertedconfigurationat more substitutedcarbonatom.

Sincethe acidic dehydrationof b-mannitol (4) andD-
glucitol (5) hasbeenmostoften carriedout in non-polar
solvents® suchasbenzenetolueneandxylene,in which
they were almostinsoluble,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-monoanhydrommitol 7, is found at the energy
E = 1.92kcalmol™* (Fig. 3), only 2.55kcal mol~* above
the global minimum conformation,which implies that
with small energycosts,the compounds broughtto the
conformation suitable for the reaction to occur. On
conformationalgroundsthereactionleadingto 7 should
be easyandfast. On the other hand,the lowestenergy
conformation,6a, leadingto 1,4 cyclodehydrationwith
inversionof configurationat the moresubstituteccarbon
atom,is foundattheenergyE = 1.86kcalmol~* (Fig. 3),
i.e. 6.33kcal mol~* abovethe global minimum. Although
the protonationof the secondaryhydroxyl, compared
with the protonationof the primary hydroxyl groupof 4,
is calculatedto be favoredby 2.2kcalmol™?, the transi-
tion state with this conformationwould still be high
enoughrelativeto 6, to preventformationof theproduct.

All the conformationsleadingto the 2,5-monoanhy-
dride of mannitol 10 (Scheme3), wherethe secondary
hydroxyldisplacessecondarhydroxyl,areveryhighin
energy, 10-15kcalmol~* above the global minimum,
indicating that product 10 will not be formed in the
reaction.However, 10 is obtained experimentallyfrom
D-mannitolandin a relatively high yield. This suggests
that anotherreactionmechanismoperatesin this case,
involving epoxideintermediatdformationwith inversion
of configurationat C-2 (C-5) asproposecearlief for the
formationof 10.

0 1998JohnWiley & Sons,Ltd.

11 14

Figure 4. The lowest energy conformations 11 and 14,
leading to 12 and to hypothetical 15, respectively

In the caseof D-glucitol (5), the experimentalresults
(Scheme 4) reveal the formation of only one 1,4-
monoanhydroproduct, 12, leadingfurther to 13. How-
ever,theconformationl1of 5 (Schemet, Fig. 4), leading
to the product12, hasanenergyof E = 1.52kcalmol™?,
andis 6.2kcal mol~* abovethe globalminimum. On the
other hand the conformation 14 (Schemed4, Fig. 4),
leadingto the other3,6-monoanhydrproduct15, which
hasnot beenobtainedexperimentallyjs calculatedo be
only 1.63kcalmol™* (E = —3.05kcalmol™') abovethe
global minimum. The formation of 12 from 5 hasbeen
rationalizedearlief on the basisof C-2 hydroxyl group
orientationrelative to the C-1 leaving group and on its
inductiveeffectconsequencesiowever,we believethat
thisis nottheonly explanatiorsincethe O—C1—C2—O
(O—C5—C6—O0)torsional anglesin the two reactive
conformations11and14, differ by only 10°, theirvalues
being —56° and46°, respectively(Schemed).

This discrepancyn the predictionof the D-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 usingthe correspondingeactiveconformations
of 4 and5 discussedabove.The ring was madeby the
formationof a C—O bondandthe moleculewasallowed
to relax. An MC searchwas doneto find the optimum
conformationof eachsubstituentand the ring torsional
anglesclosestto the correspondingnglesin thereactive
conformation of the starting compound.The reactive
conformationis the lowestenergyconformationsatisfy-
ing stereoelectronicconditions for the Sy2 reaction
leadingto desiredproduct.

In the caseof D-mannitol(4), thecyclic transitionstate
modelsTS7 and TS73a leading,respectivelyto product
7, and to the hypotheticalproduct possiblein the 1,4-
cyclodehydration reaction with elimination of the
secondanyhydroxyl, are given in Fig. 5. Their energies
are E=8.98 and 12.45kcalmol*, respectively. The
considerablylower energyof the former transitionstate
model suggestsexclusive formation of 7, as found
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TS 7

TS 7a

Figure 5. The cyclic models of transition states, TS7 and TS7a, leading to 7 and to the hypothetical product obtained by
inversion of configuration at the more substitute carbon atom, respectively

experimentally.The cyclic transitionstateleadingto 10
(SchemeB) is 2 kcalmol™* higherin 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-statenodels,TS12andTS15, leadingto
the 1,4-monoanhydroproduct 12, and to the 3,6-
monoanhydroproduct 15, respectively (Fig. 6), are
comparable E =10.1 and 9.7kcalmol ™, respectively.
Comparedwith the correspondingreactantconforma-
tions discussedbove this implies a significantincrease
in the energyof the transitionstatemodelleadingto the
3,6-monoanhydrogluml| 15, andconsequentlypredictsa
smallerproportionof productl5, whichis in agreement
with the experimental data. Therefore, although the
product distribution is not reflectedquantitatively, the
calculatedvalues suggestthat the transition statesare
mostlikely 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-
cyclodehydratiorreactionwith elimination of a second-

TS 12

TS 15

Figure 6. Cyclic models of the transition states, TS12 and
TS15, leading to 12 and 15, respectively

0 1998JohnWiley & Sons,Ltd.

ary C-4 hydroxyl by C-1 hydroxyl has relatively low
energy, E=3.09kcalmol™*. On the other hand, the
cyclic modelof thetransitionstatefor thisreactionhasan
energy of 11.5kcalmol™, 1.5kcalmol™* above the
cyclic transitionstateleadingto 12 (and 15). This high
value of the transition-stateenergypredictsa negligible
amountof the productformed by the elimination of a
secondaryC-4 hydroxyl. This is in agreementwith
experimentatesults®

Although empirical force field calculationswithout
consideratiorof quantumeffectsdo not allow a reaction
mechanisnto be studiedquantitatively,we believethat
the similarity of the reactantschosen here allows
important qualitative predictionsto be made. We are
actuallycomparingtransitionstatesof the closelyrelated
isomersin onetype of achemicalreaction.The quantum
effectsassociatedvith bond breakingand bond forma-
tion areexpectedo be very similar. It hasalreadybeen
underlinedthat ‘for most reactionsleading to diaster-
eomericproducts the reactiontrajectoriesare so similar
that, by cancellationof errorsinherentin the force field
method,one can qualitatively, and often times quantita-
tively, determinethepreferredpathway.?° Hencewe can
concludethat the acid-catalyzedyclodehydratiorreac-
tion of hexitols with retention of configurationat the
moresubstituteccarbonatomfollows an S§y2 mechanism
involving a late, product-like transition state. The
formation of the 2,5-anhydropentinofrom b-mannitol
doesnotadoptthis mechanismandprobablyinvolvesthe
opening of an epoxide intermediatewith inversion of
configurationat the C-2 (C-5) atom.
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