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ABSTRACT: The solid-state molecular structure and the conformational behaviour in solution of the 12-membered
crown dithioether 8-methyl-1,4-dioxa-7,10-dithiacyclododecane-5,12-dione were studied by x-ray crystallography,
'H and™*C NMR spectroscopy and molecular mechanics. The conformational rigidity of some constituent structural

fragments allowed a detailed analysis of the structure and distribution of the conformers. A protocol for studies of
multiconformational equilibrium was developed by means of the combined use of structure calculations and dynamic
NMR measurements$l] 1998 John Wiley & Sons, Ltd.
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INTRODUCTION containing macrocycles in solution can still be considered
asterra incognita In recent years, intensive and fruitful

The potential importance of and increased interest in the studies have been carried out in this field by means of

coordination chemistry of crown thioethers as complex- molecular mechanics calculatiots® and by NMR

ing agents in analytical chemistry, medicine and measurements combined with molecular dynamics simu-

environmental protection have led to extensive studies lations or molecular mechanics calculatiorfs® How-

of their chelating ability in recent yeats? Owing to the ever, taking into account the considerable interest in the

strong dependence of complexation on ligand structure structure-dependent complexation of late transition metal

and conformation, the structural peculiarities of cyclic ions with polythioethers, additional efforts in this area are

polythioethers are of considerable interest. The confor- desirable.

mational properties of crown thioethers are essentially In this work, we undertook a detailed study of the

different from those of oxygen analogues. Structural data macrocycle conformations of the 12-membered crown

on a variety of thiacrowns revealed a tendency for the dithioether  8-methyl-1,4-dioxa-7,10-dithiacyclodode-

CS—CC units to prefer gaucheconformation and for  cane-5,12-dione 1j, including x-ray crystal structure

the SC—CS and SC—CC units to adopt amti analysis, molecular mechanics calculations and NMR

conformation, whereas in oxacrowns the analogous measurements.

CO—CC and OC—CO fragments have a strong

preference foranti and gaucheconformations, respec-

tively (for reviews, see Refs 1b—f). Almost all these data RESULTS AND DISCUSSION

were obtained by x-ray crystal structure analysis, so the

conformational properties of extremely flexible sulfur- The crown thioetherl was synthesized from ethylene
glycol bis(mercaptoacetate) and methylacetylene by one-
step homolytic cycloadditiof.
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Figure 2. Molecular structure of 2°2

X-ray analysis

The molecularstructureof the macrocyclel in the solid

statewasunambiguoushestablishedrom x-ray crystal-
lographicdata(Fig. 1 and Tables1-5; seeExperimental
section).Although slightly less symmetrical,it closely
resembleghe structureof the macrocyclein the trans

cyclohexane-fusedl2-memberedcrown thialactone 2

(Fig. 2)3?

Molecularpackingin thecrystalis stackedalongthe Y-
axis (Fig. 3). The R- and S enantiomersf 1 alternate
alongthezaxis. Themoleculesareseparatethy theusual
vanderWaalsdistanceslt is interestinghatowingto the
tendencyfor the most compact packing, the crystal
structureof 1 has no intermolecularcontactsas weak
hydrogerbondsC— H...O,unlike thecrystalstructureof
2 studiedearlier>®

Molecular mechanics calculations

To establishwhetherthe conformationof 1 in the crystal
form is the most stable, we calculated the relative
energieof the conformersf macrocyclel by molecular
mechanic§MMX forcefield, PCMODEL3.2prograr).
To achieve the complete screening of all possible
conformersof macrocycle we startedcalculationsfrom
the known conformersof cyclododecan&: we recon-
structedtheir geometry placedsulfur andoxygenatoms,
andthe carbonylgroupin all of the 12 possiblepositions
within the cycle and then minimized the energy of
molecule. The first 20 most stable conformers of
cyclododecarfe within 5.5kcalmol™ from the global
energyminimum were usedas starting points. Several

0 1998JohnWiley & Sons,Ltd.

Table 1. Experimental data for the crystallographic analysis
of 8-methyl-1,4-dioxa-7,10-dithiacyclododecane-5,12-dione
(1)

Crystal data

Empirical formula CoH140,4S,
Color, habit Colorlessneedles
Crystalsize (mm) 0.2x0.2x0.4
Crystalsystem Monoclinic
Spacegroup P2;/c . .
Unit cell dimensions  a=14.12(2)A, b=5.513(7)A,
c=14.95(4)A,
B =97.44(29
Volume 1155.4A3
VA 4
Formulaweight 250.3
Density(calc.) 1.440mgm
Absorptioncoefficient  0.453mm*
F(000) 528
Data collection
Diffractometerused SiemensP3/PC |
Radiation Mo K (A=0.71073A)
TemperaturdK) 293
Monochromator Highly orientedgraphitecrystal
20 range 4.0-50.6
Scantype wl20
Scanspeed Variable;3.08-29.30 min ' in

w

2.00°

Stationarycrystaland stationary
counterat the beginningandat
the end of scan,eachfor 12.5%
of total scantime

Two measurecdkvery 98

Scanrange(w )
Background
measurement

Standardeflections

reflections
Indexranges 0<h<17,0<k<6,

-18<1<18
Reflectionscollected 2352

Independenteflections 2258 (R = 10.74%)
Observedeflections 1315[F > 5.00 (F)]

Absorptioncorrection  Not applied
Solution and refinement
Systemused SiemensSHELXTL PLUS
(PC Version)’
Solution Direct methods

Refinemenimethod Full-matrix least-squares

Quantityminimized YW(F, -Fo)?

Absolutestructure Not applied

Extinction correction ~ Not applied

Objectivelyfound, refined

Hydrogenatoms isotropically

Weightingscheme w1 =0%(F) 4 0.0046-

Numberof parameters

refined 192

Final R indices R=7.45%,wR=10.18%
(obs.data)

R indices(all data)
Goodness-of-fit 1.34H
LargestandmeanA /o 0.081,0.024
Data-to-parameteratio 6.8:1
Largestdifferencepeak 0.69e A_3
Largestdifferencehole —0.56e A3

& The refinementof the structurewas endedwith relatively high R
valuesanda considerableamountof therestingelectrondensitydueto
thelow quality of the crystalstudied.

R =14.35% wR=23.60%
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Table 2. Atom coordinates (x 10% and isotropic displacement coefficients of 1 (A% x 103)

243

Atom X y z U (eqf
o(1) 1599(3) 6469(8) 9606(3) 33(1)
0(4) 1210(3) 6526(7) 7764(3) 30(1)
o(5) 1456(4) 9554(8) 6813(3) 42(2)
0(12) 1334(3) 2469(9) 9728(4) 42(2)
S(7) 3407(1) 5976(3) 6978(1) 37(1)
S(10) 3537(1) 1791(3) 9557(1) 37(1)
c() 646(5) 6882(15) 9166(5) 34(2)
c@3) 708(6) 8142(13) 8299(5) 33(2)
C(5) 1562(5) 7468(12) 7044(4) 29(2)
C(6) 2136(6) 5604(13) 6626(5) 32(2)
C(8) 3565(5) 5383(14) 8196(5) 36(2)
C(9) 3260(6) 2768(13) 8379(5) 35(2)
C(11) 2910(6) 4045(13) 10136(5) 35(2)
C(12) 1862(5) 4141(12) 9809(4) 29(2)
C(13) 4606(6) 5928(17) 8539(6) 44(3)

& Equivalentisotropic U is definedasonethird of the traceof the orthogonalizedJ; tensor.

new conformersof cyclododecanevithin theseenergy
limits weregeneratedluringthis searchandalsousedin
further calculations. They differed very slightly in
geometryfrom conformersdescribecby Goto? ‘Isomer-
ism’ of thiskind hasbeenalreadydiscussedh detaif and
very likely arisesfrom the peculiaritiesof the force field
used in PCMODEL. Thus the number of calculated
conformersof the unsubstituted12-memberedcrown
thialactone 1,4-dioxa-7,10-dithieyclododecane-5,12-
dione exceeded240, although some of them were
equivalentThemoststableformsweregeneratedeveral
timesindependentlstartingfrom variouscyclododecane
conformations.The conformersof 1 were obtainedby
attachmenbf a methylgroupto the appropriateposition
of the S—C—C—Sfragmentand subsequenoptimiza-
tion of the molecular geometry. This operationquad-
rupled the number of calculated conformers, which
amountedo 1000.Again, many of themappearedo be
identical,andthe moststableoneswereobtainedseveral
times starting from various forms of unsubstituted
macrocycle.

The proceduralescribedaboveaffordsboth R- andS
enantiomersof 1. For the sake of comparability, we
‘inverted’ all R-forms into their mirror images and
considered only the set of S-enantiomers(Fig. 4,
Table6).

Twentyof themoststableconformerof 1 aredepicted
in Fig. 4 with correspondingnergyvaluesin kcalmol™*
relative to the global energy minimum (within
1.90kcal mol~* from thelastone).In contrastto 2, their
energiespresenta continuoussequencewithout pro-
nouncedinterruptions.The relative energiesof the first
60 conformers within 4kcalmol™ from the global
minimum allowed us to calculatetheir populationusing
a Boltzmann distribution: the most stable conformer
occupied22.6%andthefirst 28 conformerscovered5%
of thetotal. These28 moststablestructuresvereusedin
all further considerationgTable6).

0 1998JohnWiley & Sons,Ltd.

Thex-ray determinedyeometryof the macrocyclevas
also usedas a starting point for molecular mechanics
optimization.It allowedusto obtainonly the conformer
1/8 (Fig. 4).

Theconformergloselyrelatedto thex-ray determined
structureof 1 are placedin the boxesin Fig. 4. After
completionof the searchand considerationof possible
conformersof 1, it is importantto note that the crystal
structure’simageis not the moststableform asmight be
expectedlt exceedghe global energyminimum at least
by 1.28kcalmol™ (the eighth placein the sequence).
The calculatedpopulationof all threeconformerssimilar
to the x-ray structure (1/8, 1/13 and 1/15) is 6.5%.
Probablythe conformerdisplayedin Fig. 1 is preferable
in thecrystalform owingto ahigherlevel of symmetryof
the macrocycle Note that the conformerobservedn the
crystalline state is not the calculated lowest energy
conformeralsofor 2,°2or for 1,4,7-trithiacyclodecan@.

NMR measurements

Within the framework of the discrete conformational
analysisapproachwhenthe conformationalequilibrium
is fastonthe NMR time-scaleonly onesetof signalscan
be observedwith the averagecarameterslependingon

Table 3. Bond lengths (A )

0O(1)—C(2) 1.438(9) S(10)—C(9)  1.834(8)
O(1)—C(12)  1.359(8) S(10)—C(11) 1.811(9)
O(4)—C(3) 1.44(1)  C(2)—C(3)  1.48(1)
0(4)—C(5) 1.348(9) C(5)—C(6)  1.50(1)
o(5)— C(5) 1.204(8) C(8)—C(9)  1.54(1)
0(12)—C(12) 1.182(9) C(8)—C(13) 1.52(1)
S(7)—C(6) 1.815(9) C(11)—C(12) 1.50(1)
S(7)—C(8) 1.836(8)
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Table 4. Bond angles (°)
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0(1)— C(2)— C(3) 108.5(6) S(7)—C(8)— C(9) 110.0(5)
O(1)— C(12)—C(11) 109.6(6) S(7)—C(8)— C(13) 106.7(6)
O(1)— C(12)— O(12) 124.3(6) C(6)— S(7)—C(8) 104.8(4)
O(4)—C(3)—C(2) 106.5(6) S(7)—C(6)— C(5) 111.7(5)
O(4)— C(5)— O(5) 123.5(6) C(9)— C(8)— C(13) 113.9(6)
O(4)— C(5)— C(6) 110.2(6) C(8)— C(9)— S(10) 114.6(5)
O(5)— C(5)— C(6) 126.2(7) C(9)— S(10)—C(11) 101.6(4)
C(2)—O(1)—C(12) 117.6(5) S(10)—C(11)—C(12) 113.1(5)
C(3)— O(4)— C(5) 117.6(5) C(11)—C(12)—0(12) 126.1(6)
Table 5. Hydrogen coordinates (x 10%) and isotropic displacement coefficients (A% x 10%)

Atom X y z U
H(2)a 36(4) 771(11) 951(4) 0(1)
H(2)b 33(4) 548(11) 907(3) (1)
H(3)a 12(5) 840(10) 796(4) 2(2)
H(3)b 105(5) 934(15) 833(5) 4(2)
H(6)a 192(5) 423(13) 668(4) 3(2)
H(6)b 211(4) 574(10) 601(4) 1(1)
H(8)a 316(5) 645(11) 843(4) 2(2)
H(9)a 256(4) 245(11) 820(4) 2(2)
H(9)b 358(6) 175(16) 799(6) 6(3)
H(11)a 330(5) 555(13) 1008(4) 3(2)
H(11)b 296(5) 354(13) 1074(5) 4(2)
H(13)a 508(7) 446(20) 835(6) 9(3)
H(13)b 481(6) 769(17) 850(6) 5(2)
H(13)c 464(5) 580(14) 921(6) 5(2)

both the parameterof individual conformersand their
population. It is common practice to use spin—spin
coupling constantsfor the evaluation of conformer
distributions. To describethe equilibrium betweenM
conformersonehasto composea linear systemof N + 1
equationswith M unknowns[(N] + 1)>M]:

JaEXp = Jalnl + Ja2n2 + e + JaM nM
Jbexp = Jblnl + Jb2n2 4+ ...+ JbM nM
P =3 nt + 32 + . 4+ IMAM (1)
3P =3t + 3,20 4+ MM
| =n*4n?+ ...+ n¥

In the casewhenN + 1 > M, the populationof all M
conformers(n') can be evaluatedon the basis of N
experimentallymeasuredpincouplings(J:"*", J,~®;, ...,
J,**P), provided the correspondingparametersof each
conformerareknown. The enormousiumberof possible
conformationsof macrocyclel causemajor complica-
tions with this approach.We attemptedto solve this
problemby usingthe maximumsetof measurableicinal
proton—protonand carbon—protonspin—spin coupling
constantsJyy and3Jcy.

The mostobviousinitial information canbe obtained
from the spin—spin coupling of vicinal hydrogensin
SCHMeCHS moiety. Thesevaluesmeasuredn the *H

0 1998JohnWiley & Sons,Ltd.

NMR spectra(400MHz, CgD;, solution) for vicinal
hydrogenatomsin the SCHMeCHS moiety are4.78Hz
[JHsyH(en] and10.02Hz [JyygyHac) (seeSchemed and
2), pointing to a preferencéor the anti conformationof
S—C—C—Sfragmentin solution(Scheme2, conformer
A). The samepreferencenvas observedearlier for some
crown thioethers:™ The role of the other rotamers
participatingin theequilibriumincreasesvith thesolvent
polarity: the couplingsare 4.84 and 10.17Hz in CgDsg,
4.94 and 9.63Hz in CDCl; and 5.19 and 9.53Hz in
CD3s0OD. The correspondingndividual vicinal couplings
for thefirst 28 conformergseeabove)werecalculatedoy
the PCMODEL program (Table 7) and then averaged
with Boltzmann weight factors resulting in 5.84 and
7.93Hz for Jysnneoy andJnsnreec): respectivelyThese
valuesareonly in roughagreementvith theexperimental
values.A similar averagingprocedurewas usedearlier
for spincouplingsin nitrogen-containingive-membered
heterocycles.

o) Hye

Scheme 1
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Figure 3. General view of molecular layer of 1 along the y-axis

The S—C—C—Storsion angle is the main structural
characteristicof the macrocyclel1. According to the

MMX data,all conformersof 1 canbe subdividedinto

threelargegroups,A, B andC, with differentconforma-
tionsof thisfragment(Scheme2; seealsoTable9). Their

Boltzmann populations derived from molecular me-

chanics energiesare 55, 36 and 9% respectively"”

Eachgroupof conformersanberoughlyconsideredsa

single conformationalunit (‘macroconformer’),because
its memberspossessfamily similar structureswhich

differ mainly in the terminal torsion anglesof the ester
moieties(cf. Fig. 4, Table6). Theinternal CC(O)—OC

bond of the esterfragmentsappearedo be fixed in the

anti conformation.In all of the calculatedstructureshe

O— C— C— O fragmentwas strictly gauche Hence
both O— C— C— O and esterfragmentsrigidify the

structure of the macrocycle,thus facilitating the con-

formationalstudy.

This three-conformersnodelwasthe first stepin our
approach to the quantitative consideration of the
complicated conformational equilibrium for 1 on the
basisof thelinearsystenof equation®f type(1).>*“The
necessaryJyy valuesH(8t)—H(9c) and H(8t)—H(%) for
the A, B and C macroconformergJ,, Jg and Jc) were
estimatecdby averagingn the Boltzmannproportionsof
individual parametersfor the calculated conformers
within eachgroup.

0 1998JohnWiley & Sons,Ltd.

Useful information can be obtainedfrom the vicinal
13cH spin—spincouplingconstants®**We performed
a partial analysisof proton-coupled*C NMR spectrum
for solution of 1 in CgDg, wWhich provided us with
experimentalvaluesof vicinal couplingsof the methyl
carbon atom 3JC(13)H(90) and 3~]C(13)H(9t) (Table 7 and
Table8). Theseparametersverealsocalculatedor all 28
individual conformersusingthe Karplusequatiori*, and
then we estimatedC—H coupling for the A, B and C
macroconformersby averaging with the Boltzmann
weight factor within each group. Hence we obtained
four vicinal couplings to test the three-conformer
equilibrium model for macrocyclel. This gave us the

Scheme 2
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Figure 4. The calculated conformations of (5)-1 and their steric energies (in kcal mol™")
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Table 6. Endocyclic torsion angles (°) and steric energy (kcal mol™" for conformers of (S)- 1 (molecular mechanics’)

Conformer E  O(1)C(2) C(2)C(3) C(3)0(4) O(4)C(5) C(B)C(6) C(6)S(7) S(7)C(8) C(8)C(9) C(9)S(10) S(10)C(11) C(11)C(12) C(12)O(1) SCCMe
X-ray: 1219 616 1641 1745 991 -646 617 -171.8 577 577 1291  -171.8 -52.1
1/1 0.00 -1752  —-59.0 944 -172.8 63.2 61.1 1450 1680 672 525 1051 -177.8 -720
1/2 0.57 938 593 -1759 -1780 1062 -50.1 -67.7 1669 —146.7 62.5 621  -172.0 738
1/3 0.60 -111.8 63.2 -173.2 1790 —77.3 96.0 —156.9 65.8 921  -73.8 ~75.0 1755 —174.3
1/4 0.70 -1750 -53.7 1040 —1745 78.9 59.4 —167.4 61.8 720 -133.2 826 1746 -177.4
1/5 072 —149.2 59.2 73.9 1793 53.6 51.7 —166.2 61.0 928 614 —64.6 1781 —178.1
1/6 0.82 1023 541 1755 —1759 879 -131.0 65.7 623 —1725 66.3 75.4 1722 -173.1
1/7 111 -103.1 542 1751 1756 -86.1 1317 -709 -57.7 1713  —66.1 748 172.2 64.9
1/8 129 1051 -575 1732 -179.4 1000 -66.7 -69.4 1740 -563  -52.1 1430 -172.2 559
1/9 1.30 -169.8 58.3 726 -177.1 39.5 555 -156.6 1715 —97.0 80.5 ~98.6 1782  —69.0
1/10 139 736 -59.2 1494 -179.1 65.2 60.7 -943 -56.8 1681 -57.7 ~49.2 177.6 65.4
111 140 1747 621 1119 -177.2 76.7 712 -938 610 1603  —98.2 738  —177.3 61.6
1/12 1.40 —160.8 627 —1548 1740 —88.0 828 1541 1727 -93.4 88.8  -102.7 1774 —67.8
1/13 145 1517 -56.1 1587 1765  103.2 637 -59.8 1658 585  —64.0 106.4 17655 —47.4
1/14 150 1800 -47.3 -765  177.8 —113.0 736 1259 1742 627  -56.2 108.4  -1742 -595
1/15 151 1267 -57.2  169.2 —178.8 99.0 652 644 1682 -59.2 -57.4 1259 -1741  -50.3
1/16 1.56 72.6 575 —170.6 —179.0 —98.2 848 964  169.2 —160.4 58.4 366 1762 -721
117 157 —154.7 61.8 -159.3 -179.6 —106.1 947 -86.3 1695 —164.0 83.3 ~88.3 1732 —71.9
1/18 1.58 79.7 505 -168.9  177.4 —104.3 708 1024 -169.7 639  —60.1 1241  -173.6 -520
1/19 1.60 72.3 57.6 -154.3 -179.7 602 615 87.1 63.1 1718 58.8 498 -177.0 -170.0
1/20 169 —175.2 609 -1130 1788 -757 -70.1 85.7 67.4 —164.3 99.4 ~73.1 176.4 —166.0
1/21 190 -689 515 1594 —173.1 52.3 446 —172.4 59.2 86.6 -73.8 569 1735 —179.8
1/22 190 1773 -480 -743 1781  —90.9 828 —166.2 66.5 791 1217 87.8  -1741 —173.6
1/23 195 787 -60.6  157.7 1713 43.8 469 -162.0 1650 —102.8 75.7 ~98.6 1702 —74.6
1/24 1.96 —164.6 50.0 80.0 1724 1250 -583 -717 -171.4 —926 683  —111.2 1768  —53.4
1/25 197 1550 644 1461 -177.9 1181  —90.9 547 1675 -170.0 —59.0 90.9 1766 —68.8
1/26 2.04 1574 -60.7 —-79.0 -1704 —97.8 776 1022 1637 -165.8 50.9 395 -169.8 -77.2
1/27 2.20 79.7 525 ~167.9 1745 —84.3 89.9 —160.8 70.3 83.6 1156 985 1764 —170.4
1/28 2.28 76.5 503 -1757 1757 -929 1174 -771 -613 1742  —89.2 875 -173.8 61.5
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3.95 3’90

3.85 3.80

Figure 5. Part of the "H NMR spectrum of the OCH,CH,0 moiety (400 MHz, in CgDg)

slightly statisticallyoverestimatedystemof thetype (1)
of five linear equationswith threeunknowns.

Theweightedleast-squaresolutionof this systemhas
shown that the contribution of macroconformerC is
statistically insignificant. Weight factorswere set equal
to 1.0 for spin couplingsand 20.0for the mole fraction
equationto take into accountthe ‘rigidity’ of the latter.
Numerically, the solutionwith two significantregressors
canbe presentedasfollows:

J&P =078 (0.02) J* +0.26 (0.02) J®  (2)

where  J € {3Jyysonon 3JHgat)H(gc). *JcasHee
3Jcasyrey 1.0}, n* =0.78andn® = 0.26. The valuesin
parenthesedenotestandardieviationsof estimatednole
fractionsn™ andn®. Within the experimentakrrorlimits
thetotal molefractionis equalto 1. It is worth notingthe
excellentcoincidenceof the experimentahndcalculated
couplingswhichis probablylimited only by theaccuracy
of molecularmodellingandthe currentapproximatiorof
the Karplus equations**? (multiple R=0.999, RMS=
0.25,seeTable8).

The predominanceof an S,Stransoidalarrangement
for the SCHMeCHS moiety is not surprisingand has
literature analogieswith somecrown thioethers-™ The
presenceof a methyl groupin 1 doesnot changethis
regularity.

In the next step of the approachwe consideredthe
more detailedsix-conformemode]| taking into account
two possiblegaucherotamersof the C(2)—C(3) bond
(Schemes).

We studiedthe four-spin systemof the OCH,CH,O
moiety. The experimental'H NMR spectrumof this
group of protons(400MHz, seeFig. 5) wasfairly well
resolved,but extremely tightly coupled, becausenon-
equivalencef theseprotonswascausednly by thevery
distantmethyl group. To analysethe multiplet structure
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we applied a techniqueof total lineshapefitting>*4

within the ABCD spinsystem.

Particularcare oughtto be paid to the assignmenbf
thoseprotons,which could not be doneon the basisof
long-rangenterprotoncoupling.We could notrecognize
theline splittingscorrespondingo anyfour- or five-bond
interprotoncouplingconstantwia the heterocycligpaths.
The second-ordecharactenf the multiplet alsoprevents
the use of NOE factors for solving the problem. Our
assignmentvas basedon the assignmenbf the carbon
frameworkof themolecule whichwasperformedusinga
variety of long-range**C-'H coupling constants(see
below and Experimentalsectionfor numericalvalues).

The crucial point for the assignmenbf carbonatoms
C(2) and C(3) was the observation of long-range
COUpIingS4JC(2)H(11C)= 0.37Hz and4Jc(3)H(ec)= 0.47Hz,
which wasdonewith help of J-resolved2D spectrawith
selectiveexcitatiornt® of protonsH(11c)andH(6c). These

Scheme 3
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Table 7. Spin—spin coupling in NMR spectra (Hz)

3 a 3 b
JHH JeH
Conformer 8t-9c 8t-9t 2c—3c 2t-3c 2c-3t 2t-3t C(8)H(6c) C(8)H(6t) C(6)H(8t) C(13)H(9c)C(13)H(9t) C(11)H(9c) C(11)H(9t) C(9)H(11lc)C(9)H(11t)
11 1.66 12.00 2.83 0.37 10.60 3.09 7.98 2.32 6.09 7.55 3.51 2.71 7.82 7.80 1.23
1/2 161 1191 3.05 0.38 10.58 2.79 1.08 7.70 2.98 7.57 3.56 6.07 0.67 2.47 7.97
1/3 12.32 229 241 1034 0.62 2.60 5.80 6.00 5.07 1.87 3.27 5.81 5.62 7.59 3.63
1/4 12.36 2.82 348 0.13 10.82 3.76 7.98 2.95 3.71 2.17 2.83 7.58 3.32 1.48 7.15
1/5 1236 2.75 264 1045 0.61 257 7.85 1.36 3.86 2.17 2.87 5.79 5.65 7.97 2.28
1/6 12.36 2.67 3.69 0.14 10.80 3.42 7.24 1.68 7.94 2.00 3.05 3.45 1.61 2.92 7.89
1/7 290 3.76 343 1080 0.14 3.68 1.62 7.23 3.57 2.61 7.85 1.64 3.49 7.89 2.90
1/8 3.58 12.28 3.27 0.26 10.66 3.05 2.43 7.95 3.18 7.98 1.87 1.60 7.97 7.82 1.27
1/9 194 1215 268 1045 0.57 2.58 7.95 1.66 4.81 7.69 3.27 6.08 5.34 4.02 7.32
1/10 291 372 262 061 1045 257 7.98 2.20 6.16 2.64 7.84 1.40 3.83 7.97 1.92
1/11 3.38 327 250 056 1042 272 7.71 3.34 6.16 2.31 7.93 0.91 4.85 5.54 6.21
1/12 1.98 12.17 2.30 10.15 0.66 2.37 7.15 4.48 5.08 7.74 3.15 5.70 5.78 4.93 6.66
1/13 485 11.84 3.12 0.21 1056 3.08 2.12 7.98 2.16 7.80 1.25 1.74 7.98 7.97 2.19
1/14 3.49 1229 3.75 0.05 10.85 3.99 7.73 3.28 7.35 7.98 1.93 2.16 7.95 7.91 1.53
1/15 442 12.03 3.18 0.25 10.60 3.00 2.28 7.97 2.64 7.89 1.45 1.83 7.98 7.94 1.61
1/16 1.81 12.04 2.66 1050 0.52 2.76 7.01 4.50 6.25 7.66 3.39 4.55 0.95 1.95 7.98
1/17 184 1209 247 1022 059 241 6.06 5.58 5.18 7.68 3.30 4.07 1.18 4.56 7.09
1/18 3.98 12.17 3.37 10.74 0.14 354 7.83 2.96 6.76 7.95 1.65 2.23 7.94 7.97 1.86
1/19 12.32 240 275 1054 050 2.78 2.03 7.98 6.76 1.70 3.38 3.50 1.55 2.02 7.98
1/20 12.22 2.00 2.87 1050 0.48 2.63 2.93 7.79 6.85 1.43 3.80 4.48 1.03 6.33 5.40
1/21 1235 296 361 0.18 10.82 347 7.53 0.96 3.06 2.33 2.71 6.48 4.93 7.61 3.43
1/22 12.32 228 3.69 0.07 10.84 3.91 7.16 4.36 3.95 1.83 3.28 7.08 4.14 2.63 7.44
1/23 145 1175 247 0.78 10.30 2.25 7.66 1.09 4.07 7.41 3.86 6.63 4.58 341 7.59
1/24 3.68 12.27 3.61 10.77 0.12 345 1.70 7.95 3.46 7.97 1.80 5.48 5.96 2.67 7.90
1/25 1.98 12.04 219 0.77 10.08 2.25 5.08 6.52 7.85 7.77 3.34 3.57 1.37 7.97 1.90
1/26 141 1171 222 0.79 10.28 246 7.49 3.63 6.74 7.37 3.92 3.80 131 1.40 7.84
1/27 1220 191 3.11 1067 0.23 331 6.51 5.31 4.61 1.57 3.67 6.68 4.68 3.42 7.31
1/28 332 331 339 10.76 0.14 3.58 3.19 7.37 4.31 2.34 7.92 1.81 3.22 6.59 5.23
Averagé 584 793 295 390 7.06 3.01 6.07 4.08 5.06 5.20 3.52 4.16 4.96 5.83 4.24
Experimentdl 4.84 10.17 269 6.47 686 2.58 4.82 4.11 3.29 6.18 3.49 3.97 5.16 4.60 4.60

@ Calculatedby PCMODEL program’

b CalculatedusingKarplus-typeequationt®
¢ Averagedin accordancevith the Boltzmannpopulationsof conformers.

Measuredor CgDg solution.
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Table 8. Experimental and calculated vicinal spin—spin coupling constants Jjy and Jey in thiacrown 1 (Hz)

Calculated

Coupling Experimental Eqgn(2) Eqgn(3) Eqgn(4) Egn(5) Eqgn (6)
2Jh@Hcec) 4.84 4.88 5.25 4.94 4.21 4.44
2 Jh@)Hn 10.17 10.04 10.28 9.07 9.77 9.99
2 JH2e)HEe) 2.69 — 3.03 2.85 2.73 2.81
2IheoHEo) 6.47 — 5.72 3.30 5.26 4.80
JH(zoHE) 6.86 — 6.12 7.35 5.39 5.66
2 JhoHEy 2.58 — 3.09 2.91 2.78 2.79
2JcverHec) 6.18 6.48 6.65 5.88 6.30 6.48
2Jcmve)Hon 3.49 3.21 3.35 3.02 3.01 2.48
3Jc@)Heo) 4.82 — — 5.93 5.88 5.59
3Jc@)Hey 4.11 — — 3.98 4.22 4.37
2Jce)He) 3.29 — — 4.93 4.93 3.79
2JcanyHec) 3.97 — — 4.11 4.12 457
3‘]0(11)H(9t) 5.16 — — 5.10 5.22 5.74
3Jc(opH(ic) 4.60 — — 5.64 5.85 4.90
3@y 4.60 — — 4.03 4.04 5.00

n 1.00 1.04 1.08 0.97 0.97 0.96
(N+1)° — 5 16 16 16
R° — 0.999 0.997 0.979 0.987 0.991
RMS? — 0.25 0.56 1.11 0.88 0.77
2 Assumed.

® Numberof equationgsets).
¢ Multiple correlationcoefficient.
4 Root meansquaredeviationof experimentabnd calculatedvalues.

Table 9. Consecutive formal classification of conformers into
groups (macroconformers)

Three- Six- Sixteen-
conformer conformer conformer Calculated
model model model conformers
A A~ Al™ 1,14
A2~ 2
A3~ 8,13,15
A4~ 23,26
A5~ 25
AT A1t 9,12
A2t 16,17
A3T 18
A4t 24
B B~ B1~ 4,22
B2~ 6
B3~ 21
B+ B1" 3,5
B2* 19,20
C (o C1 10,11
c* c1* 7,28

dataarein goodagreementith our earlierexperiments
on cyclohexané?® Further,one-bond*C—*H connectivi-
ties obtainedby HETCOR provided an unambiguous
assignmentof the H(2) and H(3) protons, and also
startingvaluesof their chemicalshifts. Total lineshape
fitting wasperformedwith theNMRCON program*3 The
techniqueof gradualsmoothingof the lineshapgdetails
of theprocedurewill bepublishedelsewereyesultedn a
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one-grandcycle-go solution. The calculatedspectrum
(Fig.5)isin goodcoincidencewith theexperimentabne:
the R-factor of 0.984allowedthe estimationof spin—spin
coupling constantsat an accuracylevel of 0.01Hz and
better. Final values of chemical shifts and coupling
constantsare presentedn the Experimentalsection,and
four vicinal coupling constantsJugeyHaey “IHEoHE!
3Jn2nH@e) and *Jy 2y, arealsopresentedn Table7
and Table 8. Together with the other four vicinal
couplings[seeEqgn (2)], we havea systemof ninelinear
equations(N = 8), which was usedto study the equili-
briumin termsof thesix-conformersnodel(A~, A", B,
B*, C~ andC*; Scheme3, Table9). The — and+ signs
denotethe signof the OCCOtorsionalangle. Theweight
factorsweresetequalto 1.0 for spin couplingsand10.0
for themolefraction equation.The3JHH and®Jcy values
for the A—, A*, B~, BY, C and C" macroconformers
were estimatedby averagingin the Boltzmannpropor-
tions of parametergor the calculatedconformerswithin
eachgroup. The weightedleast-squaresolution of this
systemshowedhatthe contributionof macroconformers
B, C™ andC" is statisticallyinsignificant.Numerically
theresultingsolutionwith threesignificantregressorsan
be presentedsfollows:

J&P = 0.55 (0.04) A" +0.25 (0.05) J* +
0.28(0.04) B (3)

which showsthatthe mostpopulatedmacroconformers
A~. Note, that the mole fractions obtainedfrom this
solution correspondperfectly to the less detailed ones
from Eqn (2).
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In the final stageof our investigation we performeda
completestudyof theproton-coupled*C NMR spectrum
so0 asto maximizethe experimentainformation via the
vicinal spin—spincoupling network aroundthe macro-
cycle. A variety of ambiguities were cleared up by
selectivedoubleresonancexperimentsand two-dimen-
sionalJ-resolvedspectrawith selectiveexcitation® This
allowedusto obtainanothersetof seven**C—H vicinal
spin—spin coupling constants: 3JC(8)H§GC) (@)t
3 3 3

Je@Hey  deanHee JeanHeys Je@Haile and
3Jcomaiy (see Experimentalsectionand Table 7 and
Table 8). Hencefrom this step we have a total of 15
vicinal spin couplings,which is the maximum possible
for the spin couplingnetworkof macrocyclel.

With thesedataat handin principle we couldraisethe
level of theconformationamodelunderconsideratiomup
to 16 conformers.To achievethis we continuedthe
subdivision of 28 calculated conformersinto smaller
groupsof geometricallyrelatedforms: A1t, A2~, A3™,
A4~, A5, A1t A2* A3",B1,B2,Bl1", B2, C1”
andC1" (Table9).

The further subdivisionwas not so evidentasin the
threeandsix-conformemodels.We usedbothtorsional
angles(Table 6) and spin coupling values(Table 7 and
Table 8) to group the calculatedconformersinto less
numerousexperimentallydetectableones(macroconfor-
mers).Theresultingdistributionis summarizedn Table
9. However thestatisticaltreatmenbf theresultingsetof
equationg1) (N = 15) did notleadto any self-consistent
solution.Obviouslythis wasthe resultof the accumula-
tion of uncertaintiesin the course of structural and
spectrakalculationsMostprobablythe Karplusequation
used? did not afford accurate®J- valuesfor the C—S—
C-H fragments.Thus, the additional sevenparameters
takeninto consideratiordid not permitthe evaluationof
the populationof the theoretically possiblenumber of
conformers.

Moreover,the useof this setof experimentabdatafor
the three-and six-conforme models(Schemeg and 3)
gavesolutions(4) and (5), respectively with increased
standarddeviationsof estimatedconformerpopulations:

J*® =0.70 (0.07) J* +0.28 (0.08) J®  (4)

J&P = 0.49 (0.06) I +0.29 (0.08) A +
0.20 (0.06) JB" (5)
whereJ € {3J(1), 3J<2), ...,3J(15), 10}
Wessimplifiedthe 16 conformemodel,decreasingtep
by step the numberof conformers:expelling the least
stable one and then applying the statistical procedure.

The final stable solution with only three statistically
significantregressorsvasasfollows:

J&P = 0.33(0.05) J*° +0.46 (0.05) JAY
+0.18 (0.05) JB  (6)
The accuracy of this equation (R=0.991 and
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RMS=0.77,seeTable 8) is reasonablelt is important
thatoneof the mostsignificantregressorsorrespondso
theconformerA3™~, whichis equivalento the solid-state
x-ray structureof themacrocyclel. However,in benzene
solutionthis conformeris not the only one.Moreover,it
is not the major one.

It is worth mentioningthat the describedestimations
do not depend critically on the calculated relative
stability of possibleconformersThe spectralparameters
(coupling constants) for each macroconformer are
obtained by averaging of spectral parameters for
calculated conformerswithin the group accordingto
their energy, in Boltzmann proportions. Hence the
coupling constants for the macroconformer would
dependon the relative stability of the conformers,and
consequentlyon parametrizationof the force field (or
quantumchemistrymethod)usedfor calculation.How-
ever, this dependencéds not substantial,becausethe
macroconformerareformedfrom calculatecconformers
possessingssimilargeometricahndspectraparameters
aspossible(Tables6, 7 and9). The dependencés then
essentiallysmoothedverby correlationof experimental
NMR parameterswith statistically weighted NMR
parameterof the macroconformersThe more detailed
is the classificationof conformerdnto groups,the closer
is each macroconformerto any single calculated
conformer, and the weaker is the dependenceof
estimatedcoupling constantsfor the macroconformer
ontherelativeenergieof its componentsFinally, if one
had a number of experimentally determined NMR
parametersequal to or exceeding the number of
calculatedconformersunderconsiderationeachmacro-
conformemwvould consisiof only oneconformer.Thenthe
experimentalestimationof their populationshould not
dependon the calculatedrelative stability at all. The
results of the exploration of the 16-conformermodel
[Egn. (6)] seemto supportthis conclusion.

Thus, in particular casesthe combination of x-ray
crystal structure analysis, NMR spectroscopy and
computationamethodsallows a fairly completeanalysis
of the conformationalktructureanddistributionfor such
difficult objectsas macroheterocycleg:urtherimprove-
mentin experimentatonformationadeterminationgan
be achieved by more detailed consecutive formal
classificationsof conformer groups along with use of
more NMR spectralparameter§NOE factors,etc.),and
by advancesn methodsfor the calculationof structural
and spectral parameters.inter alia, improvementsin
calculationscan be achievedby considerationof the
influence of the solvent on the relative stability and
geometryof conformers.

General approach to the estimation of the
population of conformers in solution

Generalizatiorof the approachusedfor conformational
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analysisof macrocyclel permitsthegeneraprinciplesof
the estimationof conformerpopulationin solutionto be
formulated.They areasfollows:

1. Generatiorof all possibleconformersandcalculation
of their structuralparameterandenergy.

2. Calculationof spectralparameterdor theseconfor-
mers(i.e. Jun, JcH)-

3. Consecutivdormal classificatiorof theseconformers
into groups (macroconformers)jeading to various
conformationalmodelsof the systemwith different
numbersof participatingmacroconformers.

4. Estimation of spectralparameterdor thesemacro-
conformers by averaging within each group (in
Boltzmann proportions)of individual parameterof
calculatedconformers.

5. Experimentaldeterminatiorof the maximumnumber
of time-averagedpectralparametersi.e. Jun, JcH)-

6. Settingup of a statistically overestimatedsystemof
linear equationsdescribing the experimental para-
metersas a sum of weightedcalculated(in step 4)
parameter®f macroconformers

7. Statistical solution of this system affording the
macroconformeipopulationsfor the selectedmodel
of equilibrium.

In principle, this protocolcanbe appliedto any multi-
componentchemical equilibrium: conformational iso-
merizational tautomeric etc.

EXPERIMENTAL

Crown thioether 1 was obtainedfrom ethyleneglycol
bis(mercaptoaceta) and methylacetyleneby one-step
homolytic cycloadditionof o ,w-dithiols to alkynesas
describecearlier?

NMR spectrawere recordedon a Varian VXR-400
spectromete(400MHz for protons)at 298K for 0.1—
0.2M solutionsin CgD15, CgDg, CDCl;, CD3OD and
CDsCN. Assignmentof signalswas basedon double-
resonancend HETCOR experimentsThe final assign-
mentof *3C NMR signalsand **C—H long-rangespin—
spin couplingswas made with the help of the hetero-
nucleartwo-dimensionalJ-resolvedspectrawith selec-
tive excitationt® usingthe SEL2DJpulsesequencé® The
analysisof theH(6), H(8), H(9) andH(11) signalsandthe
analysisof the proton-coupled®C NMR multipletswere
performedwith afirst-orderapproachThe protonsH(2)
and H(3) revealedhighly coupledmultiplets for all the
solventsused.Thetotal lineshapeanalysisof that part of
spectrum(for solutionin C¢Dg) wasperformedusingthe
NMRCON progrant® adoptedfor an IBM PC. The
calculationswere performedin termsof the ABCD spin
system.Starting parameterdor proton chemical shifts
were accepted from the high-resolution HETCOR
experimentwith a digital resolutionof 0.5Hz per point
on the proton chemicalshift axis. A seriesof gradually

0 1998JohnWiley & Sons,Ltd.

diminishingsmoothingof theexperimentalineshapeavas
usedfor a steadyconvergenceof iterative process.An

initial Lorentzial broadeningfactor of 6 Hz allowedthe
% surfaceto be smoothedsufficiently. Thena stepwise
seriesof broadeningactorsof 4.0, 3.0,2.0,1.0,0.5and
0.0Hz wasappliedwithin the grandcycle (seealsothe
discussiorin Ref. 14).

The parametersf the 'H NMR spectrafor the crown
thioetherl (solutionin CgDg) were asfollows (6, ppm):
H(ME) 1.211 [dddigHJH(Me)H(B): 6.79HZ,JH(Me)H(gc):
0.46Hz]; H(2) andH(3) 3.80-3.95m, 4H), H(2c) 3.921
m, H(2t 3.846, H(3c 3.903, H(3t 3.859 [Jnc)ntf
12.21 HZ!‘]H(ZC)H(3C): 2.58 HZ!‘]H(ZC)H(St) =6.86 HZaJH(Zt)
H(3c) = 6.47Hz andJH(gc)H(gt): —1211HZ), H(6C) 2.976
[d,1H JecyHieny = 14.26Hz]; H(6t) 2.795(d, 1H); H(8)
3.036 [ddq,lHJH(g)H(gC): 4.84HZ,JH(8)H(gt) = 1017HZ],
H(9C) 2.923 [ddq,lHJH(gC)H(gt)z —1358HZ], H(gt)
2308(dd, 1H), H(llC) 2.809 [d!lH!‘]H(llC)H(llt): 14.06
hz]; H(11t) 2.742(d, 1H).

The multiplicity of the proton-coupled**C NMR
spectrumwas complex for all the signals of crown
thioether 1. Numerical estimatesof **C—H spin—spin
couplingswere obtainedby the first-orderanalysisof a
proton-coupled*C NMR spectrumand of a seriesof
spectra with selective decoupling of the following
signals: methyl group, H(8), H(9¢c), and H(St). Direct
estimatesof a series of **C—H long-range spin-spin
coupling constantswere found using J-resolved two-
dimensional®3*C NMR spectrawith selectiveexcitation
of H(6c), H(8), H(9c), H(St) and H(11c) protons.No
specialexperimentsvereperformedo assigrnthetertiary
carbonsandthe **C—H one-bonctouplingconstantsThe
parametersf :*C NMR spectrdor thecrownthioetherl
(solutlonln CsDe) Wereasfollows (6, ppm): C(2) 61.70
[ JC(Z)H(Z)_ 148.88Hz, JC(Z)H(llc) 0. 37HZ] C(3)61 81
[ ‘JC(3)H(3)_ 148 31HZ ‘JC(3)H(GC)_ O 47 HZ] C(S) and
C(12) are 169.59 and 169.72, C(6) 32 50 [Neyrier
and JC(G)H(St)_ 136.02 and 138.92Hz, ‘]C 6)H(8) = 3.29
HZ] C(8) 39.47 [ Jc(g)H(g) = 141.34Hz, Jc(g)H(g;) =
4.11Hz, JC(S)H(Q) = 4.03 Hz, \]C(8)H(6c) = 4.82
Hz, JC(8)H(Me)—5 68HZ] C(9) 39. 09 [ Jc(g)H(gc) and
Jc g)H(gt)—138 94 and 142.24Hz, ‘JC(Q)H(S = 4.60
HZ “Joo)rme) = 5-68HZ, *Jc@Haic= 4-60HZ, Je(@)Hy
- *Jcomaic) = 4.60Hz], C(11) 33. 18[ JeanHaieand
JC%ll)H(llt) = 138.98and 136.97Hz, ‘]C(ll)H(9C) = 3.97

Hz, JC(g)H(gt) =5.16 HZ]

X-ray study of 1. The structurewassolvedby the direct

method and refined by the full-matrix least-squares
techniquen anisotropicapproximatiorfor non-hydrogen
atoms. Hydrogen atoms, located objectively in the

difference Fourier map, were refined in isotropic

approximation. The final discrepancy factors were

R=0.075 and R, =0.102 for 1315 unique reflections
with | > 2.5 (I).
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