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ABSTRACT: The 6-Mono- andrans-6,7-di-substituted derivatives of 5,6,7,8-tetrahydrodibeazigyclo-octene

exist in solution in two different conformations. The experimert&® values obtained fromH NMR spectra are
compared with the\EgeicandAG values calculated by molecular mechanics and semiempirical quantum mechanics
methods respectively. The experimemad® values are reproduced better by thE,i. values. The semiempirical
methods predict the order of stability of the conformers correctly except for two cases in the PM3 and AM1 methods,
but the estimated values are far from the experimental ones. The standard deviation between the expat@hental
values and those calculated by semiempirical methods is less for AM1 and MNDO and greater for PM3 and MINDO/
3. The conformational space of the flexible side chains in monoacéixyonohydroxyle trans-diacid 2d, trans
dimethyl esteRe andtrans-bis-hydroxymethyPf searched by molecular mechanics is not reproduced completely by
semiempirical methods$] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION O

X
Conformational analysis is performed by experimental as .
well as computational methods. Experimental determina- O
tions of conformations are of interest not only in

themselves but also because they provide a check on
conclusions drawn from computational methods. On the 1 a

. . ;X=H 2 a;X=Me
other hand, computational methods are important as b; X= CI b; X= CI
i H C; X=Br ¢; X= Br
many experlmental data can be an_alysed a_nd explaqned & X— OAc d; X= COH
by such techniques. Most experimental information e X= OH &; X= CO;Me
comes from X-ray diffraction studies of crystalline f; %= CH0H
compounds and NMR measurements in solution. NMR Scheme 1

is a very valuable tool for conformational studies
especially as the solution rather than the solid state isas twisted boat—chair (TBC) and the higher one as twisted
investigated and thus lattice forces can be excluded.boat (TB). In cyclo-octa-1,3-diene the TB conformation
Among the computational methods, molecular me- is estimated to be only 2.1 kJ mdihigher in energy than
chanics and semiempirical quantum mechanics methodshe TBC one? The *H and **C NMR spectra of cyclo-
are the most popular and widely used. octa-1,3-diene are temperature-dependent, showing the
Cyclo-octa-1,3-diene and its dibenzo analogue 5,6,7,8-TB and TBC conformations in almost the same ratio at
tetrahydrodibenz@|,dcyclo-octene {a, Scheme 1) have  —175°C. The'H and**C NMR spectra ofla show no
been studied byH and **C NMR spectroscopy and by exchange broadening down te80°C. At lower tem-
force field calculatior:? Two types of minimum energy  peratures this compound crystallizes in the NMR tube, so
conformation are possible, the lower one being describeddynamic NMR measurements cannot be followed. The
difference between the TB and TBC conformationgdn
is estimated to be 11.8 kJ mdi the latter being lower in
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Figure 1. Superimposition of X-ray structures and calculated structures (MMP2-87) of the two conformational diastereomers

of 2¢

spectraof 6-mono-and trans-6,7-di-substitutedderiva-
tivesof 1a*

The *H and**C NMR spectraof 6-mono-andtrans
6,7-di-substitutd derivativesof 1a showan equilibrium
betweenthe two conformationsin solution. Therefore
theyarea uniquesetfor conformationabnalysisandit is
desirableto checkthe scopeandlimitations of computa-
tional methodsappliedto thesecompounds.

RESULTS AND DISCUSSION

The trans-6,7-dibromoderivative 2c was crystallizedto
determinethe preferredconformationin the solid state.
This compound crystallized in two different crystal
shapes,namely coarseand plate. Thesecrystals were
shown by X-ray crystallographyto have the bromine
atomsin the equatorial-equat@l (e,e) and axial-axial
(a,@) positions respectively, both adopting the TBC
conformation® In the crystal structure of the coarse
crystals,only onetype of moleculewas found which is
superimposablen the calculatedstructurewith a mean
deviationof 0.11A (Fig. 1). Two independenmolecules
A andB werefoundin the platecrystals.Both havevery
similar structuresthat are bestfitted with a root mean
square distance betweenthe non-hydrogenatoms of
0.11A. The mean deviation in the best fit of the
calculateda,a form is 0.26A for the A moleculeand
0.06A for the B molecule(Fig. 1). The coarseandplate
crystals,which were shownto be the e,e anda,a forms
respectivelyweredissolvedn CDCl; atlow temperature
andthe'H NMR spectravererecordedmmediately.The
1H NMR spectraof the coarseand plate crystalsshow
major andminor resonancegespectivelycomparedwith
the'H NMR spectrunof theequilibratedsample(Fig. 2).
Analysisof thecouplingconstanbf the bridgeprotonsof
the two forms of the dibromo compoundsupportsthe
assignmenbf the majorandminor formsase,e anda,a
respectivelyin the TBC conformation'3

The *H and **C NMR spectraof other 6-mono-and
trans-6,7-di-substitutedderivatives of la also show
resonancesf the two formsin different ratios. Careful
analysisof the5-H and6-H resonancesf 1b andthe5-H

0 1998JohnWiley & Sons,Ltd.

and 6-H (or 7-H) resonance®f 2b (Table 1, Fig. 3)
indicatesthatthe TBC conformationis predominangand
thatthe TB conformationshouldnot be presento more
than a few per cent, if at all. Assignmentof the major
form as e for the 6-mono- and ee for the transdi-
substituted compoundsin the TBC conformation is
thereforestraightforward(Table 2).

The ratio of the two forms could be deriveddirectly
from the *H NMR spectra,whereby the equilibrium
constantand AG° valuescould be estimated(Table 3).
The e—a and e,e—a,aequilibrium constantsfor com-
poundslb, 1c and 2a, 2b, 2c are almostinsensitiveto

Figure 2. TH NMR spectra of a,a form (top), e,e form (middle)
and equilibrated sample (bottom) of 2¢
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Table 1. Experimental and calculated coupling constants (Hz) and calculated dihedral angles between AX, BX and XX’ protons
(deg) in e-a and e,e—a,a forms of TBC and TB conformations in 1b and 2b. For labelling see Fig. 3

Conformation ¢AX 3Jcalc Jexp ¢BX 3\]calc Jexp ¢XX’ 3Jcalc Jexp
TBC-e 82.7 2.02 1.3 —-162.5 12.0 11.4
TB-€¢ —75.2 2.40 40.2 7.2
TBC-a —-41.3 6.98 6.9 72.3 2.6 1.3
TB-a 47.2 6.0 163.4 12.1
TBC-ee 81.4 2.07 0.3 —-164.4 12.58 11.6 —167.6 11.07 9.3
TBC-¢,¢ —74.7 2.44 40.2 7.2 —-175.7 11.47
TBC-a,a —-39.7 7.26 6.7 73.9 2.5 1.2 75.6 2.13 1.7
TBC-a,a 48.3 5.84 163.6 12.12 —69.2 2.6
X
TBC-e TB-e'
TB-a'
TBC-e,e TB-¢'¢'

TBC-a,a

TB-a'a'

Figure 3. TBC and TB conformations of 1b and 2b in e-a and e,e-a,a forms. The dihedral angles between the A, B, X and X’
protons are used for calculation of the vicinal coupling constants of Table 1
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Table 2. Observed coupling constants (Hz) for compounds 1 and 2 (solvent CDCls). For labelling see Fig. 3

Compound Conformer Jag Jax Jax Jxx
1b Maj (e) -13.3 11.4 1.3
Min (a) -13.8 6.9 1.3
1c Maj (e) -13.2 11.6 0.5
Min (a) -13.9 7.3 15
1d Maj (e) -12.8 10.9 0.5
Min (a) -13.8 7.8 0.5
le Maj (e) -12.6 11.0 1.7
Min (a) —13.4 7.8 0.5
2a Maj (e€) —13.4 10.3 0.5 8.3
Min (a,a) -13.5 -2 1.7 2
2b Maj (e,€) —14.0 11.6 0.3 9.3
Min (a,a) —~14.4 6.7 1.2 1.7
2c Maj (e,€) —14.2 115 1.6 9.5
Min (a,a) —-14.2 6.9 1.0 2.0
2d Maj (e,€) —13.4 10.7 0.5 11.2
Min (a,a) 2 -2 -2 2
2e Maj (e,€) —13.7 10.7 0.5 11.
Min (a,a) -8 -8 -2 -8
2f Maj (e,€) -13.0 10.6 0.5 11.
Min (a,a) —13.7 6.8 1.7 2

2 Invisible eitherbecausef too low intensity or becausef overlg by resonancesf the major form.

solvent polarity. For compound 2¢ the equilibrium
constantis 0.47in CDCl; and (CD3),CO, 0.46in CgDg
and0.59in CD50D, all atambienttemperaturehowever,
the dipole momentsof the ee and a,a forms of 2c
calculatedby AM1 show a markeddifference(2.8 and
0.9D respectively) TheAG® valuesin CDCl; weretaken
for comparisonwith the AEg i values calculatedby
molecularmechanicsand the AG valuescalculatedby
semiempiricamethodsThe heatof formationcalculated
by semiempiricalmethods,which is normally usedfor
comparing conformationalpreferencesdoes not show
any correlationwith the experimentalAG® valuesfor
thesecompounds.

Molecular mechanicscalculationspredict the TBC-e

and TBC-ee forms to be lower in energy than the
correspondingxial andaxial-axialforms, exceptfor the
trans-dibromocompoundc. In mostcaseghecalculated
AEsgeric Valuesreproducethe experimentalAG® values
(Table 3); for 1d and 2b the AEgic value is under-
estimatedA regressiortoefficientof 0.93andastandard
deviation of 1.8 kJ mol~* were estimatedbetweenthe
experimentaAG® and AEgeric values.

The effect of side chain conformationson the total
stericenergyof 1d, leand2d, 2e,2f wasconsideredThe
conformationalspaceof the side chains was system-
atically searchedvy dihedraldriving in both molecular
mechanicsand semiempiricalmethods.The numbersof
rotamersfound are given in Table4. In somecaseghe

Table 3. Experimental AG® values ("H NMR, solvent CDCls) and AEeric and AG values calculated by molecular mechanics and
semiempirical methods for equatorial-axial equilibria (kJ mol~") of compounds 1 and 2

AE(maj—min) AG(maj—min)

Compound AG°(maj—min) MMP2-87 PM3 AM1 MNDO MINDO/3
1b -3.2 -3.0 -0.3 -0.4 -0.3 0.0
1c -3.2 -3.1 -2.0 -0.6 -0.3 -
1d -25 -0.1 -0.3 +0.8 -0.2 -0.9
le -14 -2.8 +0.6 +0.2 -0.3 -0.2
2a —6.5 -5.6 +1.3 -1.1 -1.6 —-2.4
2b -3.2 -0.1 -0.2 -0.6 -0.7 -2.0
2c -15 +0.4 -15 -1.0 -0.7 -
2d —7.6 —6.5 -3.9 —-24 -1.2 -0.5
2e -7.9 —4.7 -3.3 —-4.1 -19 -1.0
2f —-4.3 —4.4 -2.0 -1.8 2.7 2.2

a 0.93 0.71 0.86 0.87 0.77
soP 1.8 35 2.5 2.4 3.5

&R, regressiorcoefficient.
P SD, standarcdeviation(k J mol™?).
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Table 4. Numbers of rotamers found for compounds with
flexible side chain(s)

Compoun MMP2-87 PM3 AM1 MNDO MINDO/3

1d (a) 6 6 6 4 2
1d (e) 6 6 6 4 3
le(a) 3 2 2 3 3
le(e) 3 3 3 3 3
2d (a,a) 11 10 10 10 10
2d (e 14 10 10 10 10
2e(a,a) 12 3 3 3 3
2e(ee) 16 3 3 3 3
2f (a,a) 45 19 35 44 28
2f (e 45 32 33 29 20

2 (e), (a), (e,e) and (a,a) refer to the TBC-e, TBC-a, TBC-g,e and
TBC-a,a conformations.

2d 2f

Figure 4. One rotamer of each of 2d and 2f with an internal
hydrogen bond

785

numberof conformationdound by molecularmechanics
is more. The average AEgric and AG values were
calculatedoy Boltzmannpopulationanalysis.In Table3
theaveragevaluesaregivenfor 1d, leand2d, 2e,2f. The
possibilityof hydrogerbondingwasconsideredn 2d and
2f. In 2d, threerotamerswith aninternalhydrogenbond
were found by AM1 and none by PM3. In 2f, seven
rotamerswith a hydrogenbond were found by AM1,
while PM3 calculationsrecognizea hydrogenbond in
only threerotamersFigure4 showsoneof the rotamers
of eachcompoundwith the estimatedhydrogenbond
length.

The AGP values are not reproducedcorrectly by
semiempiricalmethods,exceptfor compound2c calcu-
latedby the PM3 method MNDO andMINDO/3 predict
theTBC-eandTBC-e,e formsto belowerin energythan
the correspondingxial and axial-axialforms (Table 3).
Both methodsunderestimatehe difference in energy
betweenthe two forms andthe estimatedvaluesare far
from the experimentalones. The standarddeviations
betweerthe experimentalaluesandthosecalculatedby
MNDO and MINDO/3 are 2.4 and 3.5 kJ mol™* with
regressiorcoefficientsof 0.87and0.77 respectively.

The AM1 methodreproduceghe order of stability of
the two forms exceptfor 1d and 1e For 1d and 1e the
stability of the a form is overestimate@ndfor the other
compoundsghe differencein AG betweerthe two forms
is underestimatedThe standarddeviation betweenthe
AM1-calculatedvaluesandthe experimentabnesis 2.5
kJ mol~* with a regressiorcoefficientof 0.86.

ThePM3 methodunderestimatetheenergydifference

Table 5. Dihedral angles (deg) of eight-membered ring and 6 and 7 substituents in 2a (TBC conformation) calculated by

computational methods

Dihedral

Conformer MMP2-87 AM1 PM3 MNDO MINDO/3
1-2-3-4 ee 59 58 60 63 59
a,a 59 59 62 67 62
2-3-4-5 ee 5 2 1 -1 -1
a,a 1 1 0 -5 -5
3-4-5-6 ee -100 -98 -97 -92 -89
aa -94 —-96 -93 —-86 -83
4-5-6-7 ee 83 90 88 85 75
aa 77 84 84 81 76
5-6-7-8 ee -39 -58 -55 —54 -38
a,a —49 —49 -51 -50 —-43
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betweenthe two formsin all but 1e and 2a, wherethe

differenceis overestimatedThedibromocompoundcis

theonly caseestimatedaccuratelypy PM3. Thismightbe

dueto the fact that PM3 is better parametrizedor the

bromine atom comparedwith the other semiempirical
methods! It is worth noting that the dibromocompound
was the one overestimatedby molecular mechanics
calculations.A standarddeviationof 3.5 kJ mol™* was

obtainedbetweenthe experimentaland PM3-calculated
valueswith a regressiorcoefficientof 0.71.

EXPERIMENTAL

The preparationof the compoundshas already been
described. The *H NMR spectrawere recordedwith a
Varian XL-300 spectrometer.The AG® values were
calculatedfrom the ratio of the signalsfrom 6-H of the
mono- and 6-H and 7-H of the transdi-substituted
compoundsCalculationof thevicinal couplingconstants
in 1b and2b (Table 1) wasdoneby useof an equation
describedpreviously®

Initial estimateof the geometryof structuresl and2
for semiempirical calculations were obtained by the
MMX molecular mechanicsmethod implementedin
PCMODEL software! Full minimization was done by
using the semiempiricalMINDO/3.2 MNDO,° AM11°
and PM3* Hamiltoniansavailablein the MOPAC 6.0
computerprogram** All the structureswere character-
izedasstationarypointsandtrue minimaonthe potential
energysurfaceusingthe keyword FORCE.A stationary
point is describedif the first derivativesof the energy
with respectto changesin the geometryare zero. The
criterion for a minimum is that all eigenvaluesof the
Hessiarmatrix are positive:? The dihedralanglesof the
eight-memberedng andthe 6 and7 substituentin 2ain
both forms calculatedby semiempiricaland molecular
mechanicgnethodsaregivenin Tableb.

The AG valueswere taken from the semiempirical
calculationsby combiningthe AH and AS values.No
meaningful correlationwas found betweenthe experi-

0 1998JohnWiley & Sons,Ltd.

mental AG® valuesand the AH; values calculatedby
semiempiricalmethods.

The MMP2-87 molecularmechanicscalculation
were performedusingthe interactivecomputergraphics
program MOLBUILD. . Systematicdihedral driving
wasperformedon the sidechainof 1d andlein stepsof
15° length. For compound<2d, 2e and 2f, two dihedral
angleswere driven for eachside chain. Energy minima
thus found in each were reoptimized further in the
MMP2-87 and semiempiricaimethods.
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