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We present a unique class of polythiacrown macro- and gi-
gantocyclicl¥! systems, consisting of ethylene 1,2-dithioglycol
(ETG) to poly(ethylene thioglycol) (ETG,,) bridges over one
to six diacetal units of the cis-1,3,5,7-tetraoxadecalin (TOD)
type. The latter is a dissymmetric, chiral moiety, incorporat-
ing a cavity with built-in high electron lone pair concentra-
tion, serving as the “core” of chiral macrocyclic host systems
with good inclusion ability of ions and polar molecules. We
describe two approaches: (i) the reactions of the 2,6-bis(bro-
momethyl)-cis-TOD podand (6) with ETG or higher ETG,s
(12,), in Cs,CO3 promoted processes, leading to the innate
but uncontrolled formation of polythiacrown-TOD macro-
cycles having ETG/TOD ratios of 1:1 (7), 2:2 (8) and further
3:3-6:6 (114,,,)!'"° macrocycles via open dithiol intermediates,
and (ii) judicious preparation, using K,COg3, of oligomeric di-
bromide intermediates with ETG,:TOD ratios 1:2, 2:3 or 3:4

(14,,/,n), which led (with further ETG,)) in a controlled way to
the 2:2 (8,), or 3:3, 4:4 and 6:6 (11,,,) macro- and giganto-
cyclic systems. Altogether, the outcome of these processes
depends on the relative concentrations of the reactants. Syn-
thesis was accompanied by detailed (NMR and MS) spec-
troscopy. X-ray crystallographic analysis of a number of
macrocycles, complemented by (MM & MD) computation,
made possible valuable structural, stereochemical and con-
formational analysis. While sophisticated in their stereo-
chemical features, these systems are readily prepared in
enantiopure form and hold great promise of chemical reactiv-
ity in metal ion inclusion and molecular and chiral recogni-
tion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

In a series of recent papers,!' 3! we have put forward the
1,3,5,7-tetraheterodecalin (THD) system (Scheme 1, top),
as a paradigm of diacetal type polyheterobicyclic systems,
holding promise for self assembly and complex formation,
due to its lone pair electron carrying heteroatoms and their
emplacement. These trans- or cis-THD molecules incorpo-
rate either the diacetal (X, X’ = 0),l'! diaminal (X, X' =
NH)?! or bis(oxaminal) (X = O, X’ = NH or vice versa)’!
groups and are offsprings of the respective tetrafunction-
alized butanes with aldehydes (see Scheme 2 X, X' = 0).[I-3]

Of special interest is the dissymmetric cis-1,3,5,7-tetra-
heterodecalin stereoisomer, with the high lone-pair concen-
tration in its cavity, as a building block for new chiral mac-
romolecular host systems. A variety of such systems have
thus been made available for exploration,['3! both experi-
mentally and computationally, concerning structure, con-
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formation, chirality, stereoelectronics and inclusion behav-
ior. Thus, cis-tetraheterodecalin (THD) podands (type 1)
with functionalized 2,6-diaryl or -alkyl substituents have
been prepared and these led to corresponding cyclophane,
coronand and cryptand macrocycles. Indeed (Scheme 1,
bottom), mounting, for example, aminomethylene units (Y
= NH) on the oxygenated version of 1 (X = X’ = O) and
using ethylene glycol bridges, gave rise to diazacrown-cis-
tetraoxadecalin (TOD) macrocycles of type 2, with very
good and selective alkali and earth alkaline ion inclusion
ability,['®) whereas in the nitrogen series, a podand type de-
rivative (1, X = X’ = NH, R = CH,OH) was already able
to bind Pb*? with unprecedented strength.l*’l The mixed
system (X = O, X’ = NH and vice versa),l’! was especially
rich and interesting because of its diversification and ion
template guided Dynamic Combinatorial Virtual Librar-
ies.34-3¢] Moreover, the combination of two to multiple cis-
THD units with suitable spacers in type 3 macrocycles gave
rise to interesting variegation, including stereoisomerism
and chirality.['&3d-3¢]

Nomenclature, Stereochemistry and Conformational
Analysis

For clearness and to relate this with previous papers in
the seriest!™* as well as with early, mainly carbohydrate
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connected papers, here is an outline of the principles by
which these 1,3,5,7-tetraoxadecalin (TOD) systems are gov-
erned.

We use the 1,3,5,7-tetraoxadecalin (TOD) nomenclature
and not the cumbersome CAS or carbohydrates namings
1958
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* = Aryl or alkyl spacers

and, when attaching the (poly)-ethylene thioglycol (ETG,)
spacers, we shall use, e.g., for the macrocyclic crowns 7 and
8 (cf. Scheme 4) the abbreviated terminology (1:1) ETG/
TOD and (2:2) ETG/TOD, respectively.

As shown (Scheme 2), trans-TOD is formed from erythri-
tol (preserving the meso character, i symmetry) and cis-
TOD from D- or L-threitol (with preservation of chirality,
C, symmetry). Also, due to a peculiar omission of the CIP
rules, one can unequivocally assign configuration to any
dissymmetric (C») cis-decalin (and similar) systems, only by
9,10-helicity specification. Thus, the (9R,10R)-cis-1,3,5,7-
TOD Ojpsige and Oyysige Stereoisomers (cf. Scheme 2, bot-
tom, a) are (9,10-M)- and (9,10-P), respectively.

All TOD diastereomers occur in double chair conforma-
tions (the twist-boat and half-chair forms being way up in
energy) and the two c¢is-TOD diastereomers are intercon-
vertible as called for (Scheme 2, bottom), either (a) by con-
formational ring inversion or (b) by chemical isomerization
(involving acetal opening and reclosure). The Oj,qge 1S0-
mers are generally thermodynamically favored, with the un-
derstanding that an Ogq. 1Somer could be formed only
if rendered thermodynamically more stable by judiciously
effected substitution. In any case, if the condensing alde-
hyde introduces a relatively bulky R substituent (ethyl and
up) on the 2,6-termini of the cis-TOD, it will necessarily
wind up equatorially.

Thioethers and their role as ligands for the transition
metals, are by now well-known and, especially crown poly-
thioethers, are documented in numerous papers starting in
the early 70’s to recent years.> 8:11:13.14 Recent extensive de-
velopment of crown polythioether chemistry includes many
potential uses, from ion selection, liquid crystals, to medical
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purposes, etc.[>82] Newer and more efficient synthetic meth-
ods (put forward mainly by Kellogg et al.l”) were based on
the reactions of terminal dihalides with dithiols, sometimes
by chain flanking procedures, using bases (mostly Cs,COs)
with DMF or THF as solvents. Catalytic, template ion
techniques have also been reported for polythioethers,°! as
were attempts to incorporate chiral core units.[7>-8b]

We aimed at the synthesis and study of oligo- and poly-
meric, along with macrocyclic systems based on diacetal
(TOD) cores, separated by thioethylene spacers which have
relatively tougher topological restraints.

There is bound to be much interest in how these thiac-
rown molecules will complex metal ions, polythioethers be-
ing known to have a great affinity for (late) transition metal
cations.''1 In most complexes the metal ions are inside the
polythiacrown ether, but in some they were found outside
the ring. The strongly complexed Hg*2, Pd*2, and Pt*? ions
reached log K values of 20 or greater, since their interactions
with the ligand may involve a certain degree of covalent
bonding, while mixed oxygen-sulfur crown ethers, e.g., 1,10-
dithio-18C6-complexed Ag* ion around logK = 4.

With all this in mind, we set out to make new chiral
macrocycles consisting of poly(thiaethylene)-bridged cis-
1,3,5,7-tetraoxadecalin (TOD) chiral core molecules, to
probe how far one can go concerning ring size and to study
the properties and behavior of such macrocycles. Results of
earlier exploratory studies have been published in a Short
Communication.[!¢

Results and Discussion

Synthetic Approaches

A number of approaches were considered for the synthe-
sis of such macrocyclic cis-(TOD) systems, all naturally
starting with threitol and various aldehydest'-!l or dialde-

Br
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CH,SH
0] o | + base
O&O CH,SH
6

PV
S S

&3&39 B

Scheme 4.1
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hydes.'!! We chose the former, from the recently de-
scribed!!¥l reaction (Scheme 3) of L-threitol (4) with judi-
ciously substituted aldehydes to give (9S5,10S5)-cis-TOD po-
dands bearing reactive centers in the 2 and 6 positions (5).
The precursor of choice in the synthesis of our macrocycles
was 2,6-bis(bromomethyl)-cis-1,3,5,7-tetraoxadecalin  (6),
which we had prepared and used before for the synthesis of
other interesting crown compounds.['*]

OH
OH  rco R_-0 O>/R
HO A \<O§§O
OH
4 5
L-Threitol ~ (2R,6R,95,108;9,10P)-2,6-bis(R)-cis-TOD

Scheme 3.

The reaction of 6 with ethylene dithioglycol (ETG) (cf.
Scheme 4) in Kellogg’s reaction conditions,[” i.e. Cs,CO5/
DMEF, to obtain the anticipated macrocycle (7), gave poor
results and a spurious, even if interesting byproduct, to
which the low yields were imputed, namely, the bis(oximin-
ium) salt X, formed by interference of the solvent
(DMF!12),

/+NM62

MepNs
\\O O//
<<O O>)
. T
X

Salt X

Furthermore, while ordinary thiols reacted with 6 in eth-
anol/sodium ethoxide to give various 5 (e.g., R = CH,SPh)

5—S
S/_/ \TS 11y,
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N
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in nearly quantitative yields, the reaction with ethylene di-
thioglycol (ETG) in similar conditions or in DMF with
other bases provided no expected 2,6-bridged TOD (7).

Eventually, largely to prevent the formation of X, we ran
the reactions in acetonitrile, which solved the problem and
was then used routinely. Thus (Scheme 4), the reaction of
the dibromide (6) with ETG in these conditions, viz.,
Cs,CO3/CH;CN provided, mainly at room temperature, the
basic crown dithioether (7) along with the 2:2 product (8)
and accompanied by the higher (3:3, 4:4) (11,55, 11,,)!'"
analogues; higher molecular weight products were also ob-
served, attesting to the formation of higher order (5:5 and
6:6) macrocycles in minute amounts. The (relative) yields
were very much temperature dependent: at 20 °C the yields
of 7 and 8 were 3 and 9%, respectively, while at 80° these
changed to 20 and 4%, respectively, probably due to an
entropic effect. Another expected dithiol intermediate (9)
was also obtained but oxidized very rapidly in the presence
of air to the corresponding disulfide (10). Following that
and as anticipated, higher poly(ethylene thioglycols)
(ETG,) in MeCN and judiciously chosen conditions pro-
vided higher order homologous products, which made
eventually possible assembly of entire libraries
(Scheme 5).11%

M,CO, o
—_—
CH,CN O&

Br Br,
<<O o))
O& + H(SCH,CHy),SH
6 12, n=2,30r4 7,

Scheme 5.1

Increasing the size of the dithiol, e.g. 12, and 123, pro-
vided in the chosen conditions better yields of the higher
crown (7, and 7;) products, viz., 34 and 46% respectively.
Interestingly, increase of concentrations of the reagents
caused decrease in the yields (vide infra).

Attempts to improve the synthesis of the 1:1 macrocycles
ETG,:TOD (7,) and ETG3:TOD (75) by adding the dithiol
in small portions (1/4 the total amount every 30 min) re-
sulted only in minor improvements in yields. The ETG3; and
ETG, dithiols (125 and 124, respectively) are not readily sol-
uble in acetonitrile, so the reaction occurs with a low con-
centration of dithiol present in any case.

Furthermore (cf. Scheme 4), reaction of the dibromide
(6) with a large excess of ETG under pure argon and careful
workup, to avoid any oxidation, led safely to the 1:2 dithiol
product 9. The latter was the obvious precursor (in its reac-
tion with 6) of the [2:2] product 8, which, in the new reac-
tion conditions (Scheme 6), was isolated by chromatog-
raphy in enantiopure (S,S;S,S)-form in ca. 20% yield fol-
lowed by higher order [3:3 and 4:4] products 11,5 and
11,,,.1'9 The formation of those was rationalized as a step-
wise macrocycle formation, involving intermediate oligo-
mers 13,,,,, the occurrence of small amounts of which was
established in the workup of the reaction mixture, based on
NMR and mass spectrometry.

1960
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The above described processes started with L-threitol to
provide enantiopure (9S5,105)-cis-TOD products. Notably,
when these reactions had been performed starting with the
racemic (S,S)-6/(R,R)-6 (originating in D,L-threitol), the re-
action with ETG gave a racemic mixture of 7 accompanied
by two diastereomers of 8, namely rac-[(R,R;R,R-8) +
(S,S;S,5)-8] with D, symmetry and meso (S,S;R,R-8) with
Cyy, symmetry (Scheme 7).
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(RR:RR)-8 (5.5:5.5)-8 (S.S:RR)-8
Scheme 7.

Evidently, for higher order oligomers and macrocyles, ra-
cemic TOD starting materials lead to difficultly resolvable
mixtures of stereoisomeric products and therefore, only
homochiral systems will be henceforth described, originat-
ing from either D- or, mostly L-threitol.

The bottom line of this first part of our paper is that
taking a stochastic approach to the production of this type
of systems conducts to mixtures of products which consti-
tute, in fact, Combinatorial Libraries, as illustrated in Fig-
ure 1 for the basic process starting with D-threitol, and de-
scribed in Scheme 4 and Scheme 6 for actual L-stemming
cases. This is an exciting aspect we plan to pursue after
having explored(!-3¢-3¢ it in related systems. Now, however,
we are concerned with well elaborated, directed methods
for achieving our macrocyclic diacetal-based systems, as de-
scribed below.

Controlled Construction of Macro- and Gigantocycles"!

A rational, controlled methodology for the construction
of polythia macromolecules was worked out by proceeding

Eur. J. Org. Chem. 2007, 1957-1975
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Figure 1. Schematic formation of libraries of homochiral macro-
cyclic polythiacrown-1,3,5,7-TODs starting from D-threitol, substi-
tuted aldehydes and polyetyhylene thioglycols.

via bis(bromomethyl)-terminated TOD oligomers and by
using two consecutive procedures, which are controlled by
modifying the relative amount of reactants. The initial pro-
cess was the base catalysed reaction of 2,6-bis(bromome-
thyl)-cis-TOD (6) in excess with ethylene dithioglycol (12;)
(Scheme 8), to afford, next to small amounts of the ETG
macrocycles (7, 8, 11,,,) the oligomeric compound with
bromomethyl termini (14,,;).['%

Analogously, the ETG,, multiples (12, ;) provided the re-
spective oligomers (14,,), followed by their judicious ring
closing condensation to the macrocyclic systems (8, as well
as higher macrocycles (see below).

In this approach, the main feature was the use of solid
potassium carbonate as basic promoting agent. Depending
on the reaction conditions, which were optimized in most
cases, the desired oligomeric product was preferentially ob-
tained and the eventual outcome was, in fact, more varie-
gated and interesting.

This is exemplified in Scheme 9 for the reaction of a two-
fold excess of dibromomethyl-TOD (6) with triethylene
thioglycol (ETGs;, 123), which provided in addition to the
expected 1:2 ETG5:TOD open chain compound (14s;),[1%
the higher 2:3 and 3:4 oligomers (145, and 1453, respec-
tively), albeit in lower yields.

The triethylene thioglycol (ETG3;) starting material con-
tained ca. 5% of tetraethylene thioglycol (ETG,) and was
difficult to purify (see also ref'®)). This resulted in small
amounts of ETG, products in the reactions with ETGs;. In
the smaller macrocycles, byproducts of such origin could be
easily separated out by chromatography.

Eur. J. Org. Chem. 2007, 1957-1975
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The following, final and exciting step is a condensation/
cyclization reaction of the dibromo-terminated oligomers
with the respective ETG,, in a one to one ratio of reactants.
Thus, as depicted in Scheme 10, the condensation of the 1:2
oligomer (145/,) with the ETGj; dithiol afforded the macro-
cyclic 2:2 (83) and gigantocyclic 4:4 (115,4) products.

In a similar way (Scheme 11), the 2:3 oligomer (145),)
gave the 3:3 macrocycle (11/3) and the respective ultracycle
6:6 (1135) (with more than 100 atoms in its perimeter —
using Vogtle’s terminology™). Altogether, the size of
macrocycle formed was efficiently controlled by manipulat-
ing the initial concentrations of the reagents, namely, dilute
reaction conditions provided higher yields of the smaller
macrocycles and vice versa.

To assess the generality of the approach, we used a dif-
ferent dithiol spacer in the last cyclization steps and suc-
ceeded to prepare macrocycles with ETG,, bridges of mixed
size, as demonstrated by the preparation of the 2,32
macrocycle (15,3,) (Scheme 12) in the reaction of 145,
with 12,. To be sure, the same major product (15, 3,) was
obtained (Scheme 12, bottom)!'% when the starting materi-
als were 14,,; and 125 instead of the ones at the top, demon-
strating the permutability of the reaction (although the
trace byproducts obtained were not the same, as expected).

Furthermore, in all above described processes, disulfide
macrocycles were observed and in two cases (10 — cf.
Scheme 4 — and 103) they were isolated. These disulfide
crowns, obtained first as spurious byproducts, are interest-
ing,['!l readily accessible and potentially useful thiacrown
macrocycles. In this context and as already discussed with
regard to Schemes 3 and 5, the use of an oxygen free atmo-
sphere is a critical factor for all the reactions. Even under
rigorous conditions it is difficult to prevent completely the
formation of the disulfides arising from the oxidation of the
dithiols in the reaction mixture. Thus, even the basic and
1961
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very stable disulfides of ETG, (16) and of ETG3 (17) were
found in the respective reaction mixtures and could be read-
ily purified and characterized.

Table 1 is a display and glossary of all the oligomeric
and macrocyclic systems secured in this work, starting from
bis(bromomethyl)-cis-TOD (6) and ETG,, (12,,) bridges, as
described above, in general form (Schemes 3, 4, 5, 6, and
7) and then (Schemes 8, 9, 10, and 11) specifically for the
triethylene thioglycol case.

Eur. J. Org. Chem. 2007, 1957-1975
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Table 1. ETG,-bridged TOD* oligomers (O) and macrocycles
(M).[IO]

TV T T4
gv §.v §;v
3:3M (11,4) 11, 1155 ¥
4:4M (11,04) 114 134% 1154%
6:6M (11,5) I a6V ¥
1:20 (14.1) 142,% 14:,v
2:30 (14,2) 145" 14,,v 1452 143"
3:40 (14,3) (I3)"  (1422)¥ (1432)¥
2.3:2M 15;32
2:1M 10 10,%

*ETG = ethylene dithioglycol (12) and its # multiples (12,); TOD = 2.6-
dimethylene-cis-1,3,5, 7-tetraoxadecalin; ¥ = isolated, # = observed.

We turn now to a, first worrying but then, highly inter-

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

esting feature in all the above described processes, viz., the
dynamic behaviour of the ETG,, containing systems. Thus,
for example, in the synthesis of the 2:2 ETG,:TOD (8,)
macrocycle from the 1:2 ETG,:TOD oligomer (14,,;) with
ETG, (12,), a small amount of 1:1 ETG,:TOD (7,) was
also formed. Or, when preparing the mixed 2:2 macrocycle
1963
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Scheme 13.

(15;.3/2) by reacting 1:2 ETG,:TOD (14,/,) with ETG; (125),
1:1 ETG,TOD (7,) was again isolated, but no 1:1
ETG;:TOD was observed.

Conversely, the transposed counterpart reaction of 1:2
ETG;:TOD (145,) with ETG, (12,) gave (15;3,) ac-
companied only by 1:1 ETG5:TOD and no 1:1 ETG,:TOD
was observed. A tentative reaction outline is presented in
Scheme 13. This “internal metacyclization” occurred in all
cases we examined also with larger, e.g., 3:2 oligomers from
which 1:1 and 2:2 macrocycles were also obtained as minor
byproducts.

This behavior is reminding of related exchange processes
described a long time ago by Ochrymowycz et al.l'3l and
recently by the Sanders and Otto.''l In Scheme 13 we offer
a tentative mechanistic scheme for the 1:2-ETG;:TOD +
ETG, case, in which we propose that any side reaction oc-
curs before the formation of the intermediate oligomer and
not from it. In fact, this is yet another aspect of a general
1964
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phenomenon of diversification in poly-ETG systems which
will be dealt with in a forthcoming publication.[!¢]

Spectrometric (‘H- and '3C-NMR and MS) Analysis

Our main tools in the structural determination of all
above-mentioned products were 'H- and '3C-NMR spec-
troscopy, the assignments were made by 2D and NOE tech-
niques. For a comparative survey of these results see in
Tables 2 and 3.

The spectra are conspicuously similar, with small system-
atic differences, making NMR a valuable diagnostic tool for
these systems. The different sizes of the macrocycles are well
detectable by the chemical shift of the acetal (2, 6) proton
(cf. Table 3); thus, for e.g., the 1:1 macrocycles 7 and 7,
(along with the 1:2; ring, 10) 6 = 4.9-5.1 ppm is observed
and ca. 4.75 ppm for the higher 75 and 7, homologues along

Eur. J. Org. Chem. 2007, 1957-1975
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Table 2. 'H- and '*C-NMR spectroscopic data of TOD podands and ETG,/TOD oligomers (CDCIj)&l.[10]

Position 2,6 4,8 9,10 11 erm 1 i, 14, 14' 15, 15'
de Splitting (3.]2,1]) (ZJAGX,lleq; (ZJIIA,HB) 13, 13° 17, 17
J4ax‘10)
[ Jieq.10]
'H 4.74 (dd) ax: 3.87(dd) | 3.60 (br. | 3.24(d) 7.3 (m)
5 Sppms Jilz (5.0) (12.7; 1.3) m) (arom.)
= eq: 4.20 (d)
g;jh PC, 8 100.51 69.57 69.57 37.50 126.12; 128.97
"H 4.83 (dd) ax:3.93 (dd) | 3.67 (br. | 3.44(d)
6 | Sopms Jiir (5.0) (12.7:1.3) m) (CH,Br)
eq: 4.24 (d)
B¢, 8 100.11 69.50 69.50 30.95
"H 4.82 (e | ax:3.92(12.8,| 3.66 3.44 2.85 (m)
o | oo S, | 475 (Dim 1.6) (CH,Br)
eq: 4.21 [0.6]
TH 4.82 (Vserms ax: 3.92 3.67,3.65 3.45 2.85 (m)
Sopms Jitz | 475 (D (12.8,2.0) (m) (CH,Br)
145, eq: 4.21 [1.0]
BC 102240, 69.7, 69.6 69.4, 69.3 31.1 35.4,32.9,32.14,
Spom 100.1 4 (CH,Br) 32.06
4.82 (Drerms ax:3.92(b) | 3.65(b) 3.45 2.85 (m)
'H 4.75,4.74 (e | (12.6 )
142/2 appm, JHZ €q: 421 5 4.18
[0.6]
4.82 (Oerms | ax:3.92,3.91 | 3.65 (m) 3.45 2.85 (m)
"H 475,474 0w | (12.8,2) (CH,Br)
143/2 Sppmv JHL €q: 421, 4.18
3.90[1]
Be, 8 102.2 0, 69.7, 69.6 br., 69.5, 69.4, 31.1 35.5,35.4,33.0
100.1;, 69.3 (CH,Br) br., 32.2 br., 32.1
br.,
4.82 (D, | ax:3.91 (br) | 3.65(m) 3.45 2.85 (m)
'H 4.75 (i (12.6 ) (CH,Br)
1425 | Spm, Juz eq: 4.21, 4.18
[0.6]
4.83 (s | ax:3.92,3.91 | 3.65 (m) 3.45 2.85 (m)
'H 476,474 (0w | (12.6,2) (CH,Br)
145, Sppm, I eq: 4.21,3.90
4.18[1]
e 102.24cm, 69.7, 69.6 br., 69.5, 69.4, 31.1 35.5,35.4,32.9
Sopm 100. 1y, 69.3 (CH,Br) br., 32.2 br.

[a] The primed atoms are related by C, symmetry to the corresponding ones in the oligomer chain; d = doublet; b = broad; m = multiplet;

term = terminal; int = internal; eq = equatorial, ax = axial protons.

with the larger (2:2-6:6) macrocycle, which are less strained;
the 'H, ¢ atoms are normally shielded (comparable to the
internal 'H, ¢ in the open podand series, cf. Table 2), the
corresponding signal appears upfield-shifted. For carbon,
i.e.,, 1*C,¢, the trend is just the other way round.

Mass Spectrometry

All new small molecules were analysed by regular HR-
MS techniques, while the larger molecular systems (>1000
Daltons) were analyzed by MALDI-TOF (matrix-assisted

Eur. J. Org. Chem. 2007, 1957-1975
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laser desorption ionization — time of flight) mass spectrom-
etry, which allows analysis of such high-molecular weight
compounds with high sensitivity.

Two matrices (and sometimes none) were found useful
for these systems: DHB (2,5-dihydroxybenzoic acid) and
Dithranol (1,8,9-trihydroxyanthracene). Table 4 provides
the most significant peaks obtained in the relevant spectra
using DHB. In some cases silver ion was added in the form
of silver triflate to improve the ionization process as fre-
quently done with (particularly sulfur containing) polymers
in MALDI analyses.

1965

WWW.eurjoc.org



FU LL PAPER N. G. Lemcoff, B. Fuchs et al.

Table 3. "H- and '*C-NMR spectroscopic data of ETG,/TOD macrocycles, (CDCls, dppm. J,).'”

Cpd. Position 2,6 , 43,8 9,10 11178 13, 13" —17-17°
(ETG,: . 3 (spl) & ("4 Jaax 10) 3 (sph™ 3 (sph)™ 3 (sph)™
TOD) Splitting (3 Jo1) [3 Jieq 0]
5.12 (d) ax: 3.87 (d) 3.60 (br.m) | 2.66(dd) | 2.88 (m), 3.84 (m)
'H (3.8 (12.3; ) 3.19 (d)
7 eq: 4.24 (dd) (14.6)
[1.5]
(1:1) Ke 98.30 69.18 68.54 32.74; 36.66
4.91 (dd) ax: 3.87 (dd) 3.63(br.m) | 2.82(dd) | 2.9 (m),3.2 (m)
'H (3.5;4.2) (12.7; 1.0) 2.92 (dd)
75 eq: 4.22 (dd) (15.2)
[0.7]
(1z:1) Ke 99.15 68.93 68.93 29.67: 32.64; 34.61; 35.69
'H 479 (1) ax: 3.90 (dd) 3.66 (br.m) | 2.75 (dd) 2.8 (m)
75 (5.0) (12.4; 1.0) 2.86 (dd)
eq: 4.16 (d) (15.2)
(15:1) C 102.32 69.34 68.91 31.56; 32.19; 33.55
'H 4.77 (1) ax: 3.92 (dd) 3.66 (br. m) 2.8 (m)
7, (4.6) (12.5;1.3)
eq: 4.18 (d)
(141) BC 103.80 69.65 69.48 31.78; 31.92; 32.52; 34.64
'H 4.74 (dd) ax: 3.86 (dd) 3.63 (br.m) | 2.69(dd) | 2.80 (m)
§.5:5.8- (3.7, 6.4) (12.6; 0.9) 291(dd) | 3.12(m)
8 eq: 424 (d) (14.8)
(21:2) e 103.21 69.46 69.18 32.05; 33.72
meso 4.75 (t) ax: 3.88 (br. d) 3.62 (br. m) 2.82 (d) 2.96 (m)
S.S:R.R- 'H 3.1 (12.7 )
8 eq: 4.21 (d)
(2::2) C 103.18 69.66 69.44 32.53; 34.65
4.76 (1) ax: 3.90 (dd) 3.63 2.8-3.0(br.m)
§,5:5,8- 'H (4.9) (12.5; 1)
8 eq: 4.18 (d)
(2:2) 13C 102.6 69.5 69.3 35.0,32.7,31.5
476 (1) ax: 3.90 (dd) 3.64 2.7-3.0 (br. m)
$,5:8,8- 'H (4.8) (12.5; 1)
8; eq: 4.18 (d)
(2:2) e 102.3 69.5 69.3 35.2,32.8,32.1,32.0
'H 4.89 (1) ax: 3.86 (dd) 3.64 (br.m) | 2.83(d) 3.1 (m)
10 4.3) (12.3; 1.0)
eq: 421 (d)
(21 C 99.93 69.00 68.61 31.18;33.37; 37.77
4.77 (t) ax: 3.90 (dd) 3.64 (br. m) 2.83-3.1 (m)
10, 'H (4.8) (12.5; 1.5)
eq: 4.18 (d)
(231) (12.5)
e 102.3 69.5 69.3 38.9; 35.0; 32.8
475 (1) ax: 3.90 (br. d) 3.66 (br.m) | 2.82(d) 2.88 (br.
11,5 '"H (4.9) (12.6) m)
eq: 4.18 (d)
(3:1:3) e 102.27 69.5 (b) 69.5 (b) 34.7,32.5
11,4 4.74 (1) ax: 3.91 (br. d) 3.65 2.7-2.9 (br. m)
'H (4.9) (12.5)
(4::4) eq: 4.17 (d)
1154 4.75 (1) ax: 3.91 (dd) 3.65 2.7-2.9(br.m)
'H (5.0) (12.5; 1)
(45:4) eq: 4.18 (d)
BC 102.4 69.6 69.4 35.5,32.9,32.3,32.2
475 (1) ax: 3.90 (br. d) 3.64 (m) 2.7-2.9 (br. m)
11,5 'H (5.0) (12)
eq: 4.18 (d)
(32:3) BC 102.27 69.6 69.4 35.4,32.9,32.0,29.7
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Table 3. (continued)

Cpd. Position 2,6 ) 43,8 9,10 1,118 113,13° - 17-17°9
(ETG,: . S (spl)* & ("4 Jaax 10 3 (sph™ S (sph™ S (sph™
ToD) Splitting (3(le.)1 1)) ([3J4euA10-|i ) o oo oo

4.75 (1) ax: 3.90 (dd) 3.65 (m) 2.7-2.9 (br. m)

1155 'H (4.9) 12.5; 1)

eq: 4.18 (d)
(35:3) BC 102.27 69.6 69.4 35.4,32.9,32.2,32.1
11, 4.74 (1) ax: 3.91 (br. d) 3.65 2.7-2.9 (br. m)
'H (%) (12.5)
(6,:6) eq: 4.17 (d)
1154 4.75 (1) ax: 3.91 (dd) 3.65 2.7—2.9 (br. m)
'H (5) (12.5; 1)
(65:6) eq: 4.18 (d)
Ke 102.2 69.6 69.4 35.5,32.9,32.3,32.2
4.76 (t) ax: 3.90 (br. t) 3.64, 3.645 27-29
15231 'H (4.8) (12.8)
eq: 4.18 (d)

(223:2) BC 102.3, 102.6 69.5 69.3 35.2,35.0,32.8,32.1,

32.031.8,31.5

FULL PAPER

[a] The primed atoms are related by C, symmetry to the corresponding ones. [b] d = doublet; b = broad; m = multiplet; eq = equatorial,

ax = axial protons.

Table 4. MALDI-TOF mass spectrometric data of ETG,/TOD oligomers and macrocycles.

Eur. J. Org. Chem. 2007,

Molecule | Peaks (rel. int.) | Assignment | Calculated ‘ Molecular formula
Macrocycles
11554 2343.03 (3) 155 - K© 23433 CyqH 44024S:4K
(63:6)
1155 1983.35 (2) 11, K' 1983.3 Cr6H12002481:K
(62:6)
11,4 1575.89 (15) 115, - K 1575.2 CseHoO16S16K
(45:4) 1559.92 (8) 1154 - Na 1559.2 Cs¢HoO16316Na
1134 (45:4) 1643.72 (35) 1134 - Ag 1643.1 CseHoeAgO 16316
with AgTf
1154 (45:4) 1403.29 (14) 1, - Ag' 1403.1 C4gHgoA20 16512
with AgTf
1155 1175.62 (100) 1155 - Na~ 1175.2 CsH7NaOy,8,
(3::3)
1135 (35:3) 1259.91 (93) 1135 - Ag” 1259.1 C,H7Ag0 82
with AgTf
113 995.96 (100) 11,5 - Na© 995.1 C;6HNaO 1Sy
(3,:3) 1011.91 (98) 3H3ETG,K" 1011.1 C3HgKO5Se
Oligomers
14;5 1504.77 (45) 1455 Na' 1505.1 CsoHgaBr;NaO S,
(3;:4)
1455 (35:4) 1589.86 (75) 1455 -Ag" 1589.0 CsoHgsAgBryO6S 2
with AgTf
1453 1341.73 (4) 14, K' 1341.1 C44H»BrKO Sy
(3;:4) 1325.73 (4) 14,5 - Na" 1325.1 C44H-,BrNaQ S,
145, 1120.95 (100) 145, - Na' 1121.0 C36HgoBraNaQ,Sg
(23:3)
145, (25:3) 1205.90 (100 sat.) 145, - Ag’ 1204.9 C3eHapAgBr05Ss
with AgTf
14,, 1001.82 (22) 14,, -Na' 1001.0 C;,Hs,BrNaO,S6
(25:3) 1017.80 (17) 14,, ‘K’ 1017.0 C3Hs:BrKO ;S84
Molecule | Peaks (rel. int.) | Assignment | Calculated \ Molecular formula
Macrocycles
2343.03 (3) 6:6 - K* 23433 Cyqt 44024SK
(65:6) 1959.64 (3) 5:5-K' 1959.3 CH,20020820K
11556 1574.30(7) 44K 1575.2 Cs6Hos016S 6K
1190.86 (85) 3:3-K" 1191.2 CpH70),S8 oK
1983.35 (2) 6:6 - K' 1983.3 Cr6H 1200248 15K
(65:6) 1658.72 (3) 5:5-K* 1659.2 CeoH100020815K
11556 1335.02 (6) 4:4-K" 1335.2 C45Hz0016S1:K
1011.35 (30) 3:3-K' 1011.1 C3eHg0 128K
1957-1975 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Interestingly, with a dithranol matrix, the spectra re-
vealed in addition to the molecular ions, peaks resulting
from a peculiar gradual fragmentation of TOD-
CH,(SCH,CH,),, moieties as exemplified for the (65:6)
115, and (6,:6) 11, at the bottom of Table 4.

Structural Analysis and Computations
X-ray crystallography, see Figures 2, 3, 4, 5, and 6) and
molecular modeling, see Figures 7, 8, 9, and 10).

Figure 4. Molecular structure of 75, showing (a) intramolecular C—
H--+O interactions and (b) the steric fit and the intermolecular C-
H--+O attractions between two molecules constituting the asymmet-
ric unit.

(b)

Figure 2. Molecular structures of (a) 7 and (b) 8 (cf. Scheme 4).

Figure 5. Molecular structure of 8,, showing its squeezed confor-
mation in the crystal.

cluded in our preliminary communication,!'¢l and are both
characterized by a C, symmetry, being positioned in the
respective crystals on axes of twofold rotation. These pass
through, and are aligned perpendicular to, the central C9—
C10 bonds of the TOD moieties. Typically, the sulfur atoms

The molecular and crystal structures of rac-7 (space along the cyclic framework point outward, and the S-C-
group Pbcn) and rac-8 (space group C2/c), have been in- C-S moieties reveal an anti conformation. This allows to

Figure 3. Molecular structure of 7,.

1968 WWW.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 1957-1975
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(b)
Figure 6. Space-filling illustrations of (a) 8 and (b) 8,.

+163.52,

Ta 7b

-36.89 o

Te 7d

Figure 7. The four stablest conformers of 7 (E. = 0.0 kJ/mol for
7a, 7.2 kJ/mol for 7b, 2.9 kJ/mol for 7¢, 4.8 kJ/mol for 7d). Num-
bers in bold italics are torsion angles.

minimize the repulsive interactions between the O and S
atoms, and to stabilize the molecular conformation by the
inward-oriented methylene fragments that fill effectively the
space within the cyclic framework and exhibiting weak C—
H--O contacts (2.33 A in 7 and 2.86 A in 8) across it. This
is depicted in Figure 2, showing the conformational features
of these compounds that are characterized by the rigid
chair-chair conformation of the TOD moieties, outward-
turning S atoms, anti S-C-C-S torsions, and close CH,*--O
contacts. While 7 is intrinsically rigid and even strained,

Eur. J. Org. Chem. 2007, 1957-1975
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7)a

Figure 8. Modelled conformers of 7,; E,.; = 4.8 kJ/mol for 7,a and
0.0 kJ/mol for 7,b. Numbers in bold italics are torsion angles.

Figure 9. Lowest energy conformer of 7; from Insight IIJAMBER
simulated annealing.

Figure 10. Lowest energy conformer of 8, from Insight II/
AMBER -simulated annealing.

further compression of 8 may be prohibited by the reluc-
tance of the S-C-C-S moiety to deviate significantly from
the anti geometry.

In order to provide further structural evidence, extended
crystallization experiments of other polythiacrown macro-
cycles were attempted, but X-ray quality crystals of com-
pounds 7,, 75 and 8, only could be obtained at this point
(for 7, and 8, of still rather poor quality).

The 1:1 macrocycle 7, was obtained from an early reac-
tion mixture starting from racemic (S,5)-6/(R,R)-6 (ob-
tained from D,L-threitol), and it crystallized as a racemic
material (cf. discussion over Scheme 7). The crystals of the
2:2 analog 8,, however, are enantiomerically pure since they
originate from an ulterior set of experiments, starting with
L-threitol (Scheme 8). Crystals of 75 represent also an op-
tically pure material with two independent molecules in the
asymmetric unit.
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The macrocycle 7, (Figure 3) adopts a compact confor-
mation in the crystal and its general structural features con-
form rather well to those of its smaller analog (7). Thus, in
the aliphatic trithia chain connecting to the two ends of the
chair-chair TOD residue all sulfur atoms turn outward, as
a result of the typically anti S-C-C-S conformation along
the chain (with torsion angles of 173° and 174°). Then,
however, the adjacent C-S—-C-C torsion angles vary be-
tween syn and anti, to allow for a compact conformation
that fills effectively the space within the trithia macrocycle.
Another noteworthy feature is the short CH,*O contacts
that fill the inner space.

Turning to 73, however (Figure 4), its most striking fea-
ture is that the central S-C-C-S bond is in a gauche ar-
rangement, probably due to crystal packing/intermolecular
interaction features, since in molecular modeling studies
(vide infra), a simulated annealing run for this molecule did
not afford the crystallographic structure as the lowest in
energy and the lowest energy structure we found (which
minimizes intramolecular S---S repulsions) had all anti S—
C-C-S bonds. In the observed conformation, the tetrathia
moiety of the macrocycle extends more parallel to the TOD
core rather than perpendicular to it as in 7,, while still
maintaining the outward orientation of all four sulfur
atoms. This imparts to the 7; macroring a “bowl’ shape,
and allows to partly fill its interior by inward-turning C—
H groups (Figure 4, a). Noteworthy are the short CH---O
interaction distances of 2.36-2.44 A of both sides of the
macrocycle, as in 7 and 7,. These are associated with two
wider C-S-C bond angles at both ends of the tetrathia
chain (104.3-104.9°) than the C-S-C angles in its central
part (99.7-102.1°). The presence of two crystallographically
independent molecules (of the same chirality but only
slightly different conformation) in the asymmetric unit of
this structure can be rationalized by the intermolecular
Scheme of the weak C-H---O interactions between them, as
well as by effective steric fit of the TOD-edge of one species
into the concave surface of the other species (Figure 4, b).
In fact, the crystal structure of 75 can be best described as
van der Waals packing such molecular dimers. The cooper-
ative effect of the intra-dimer interactions seems to compen-
sate for the apparent S-S repulsions within the gauche
SCH,-CH,S fragment, wherein the observed distances be-
tween the S atoms are 3.561(2) and 3.603(2) A, somewhat
shorter than twice the van der Waals radius of covalently
bound sulfur.

Table 5. Selected structural parameters of the S-containing chains.

Interestingly, it is the above-described conformation-de-
termining features of 7, 7,, 75 and 8 which are even more
pronounced in crystalline 8, (Figure 5), and were lagely en-
dorsed by molecular modeling and simulated annealing
studies (vide infra). In the large macrocyclic host its ob-
served molecular structure shows a “collapsed” rather than
circular conformation, wherein the two TOD fragments do
not face one another across the ring as in 8 (see above).
Rather, this macrocycle is severely squeezed, in order to
place each thrithia chain section over one of the TOD frag-
ments. In the resulting structure, the chain and the fused-
ring moieties are in contact. As in the other compounds 7,
8, 7, and 7; all the S-sites are oriented in the outward direc-
tion, and all S-C-C-S torsion angles (with a single excep-
tion in 73) are anti (varying within 160-178°). Most of the
C-S-C-C torsions, on the other hand, are nearly
synlgauche, to allow effective closure of the macroring with-
out a significant conformational distortion of the chair-
chair TOD fragments. The latter is clearly manifested by
the rather short intramolecular CH,---O distances (of 2.4—
2.5 A) between the contacting fragments (cf. Figure 5). In
all these contexts, it is interesting to compare more closely
the molecular structures of 8 and 8.

In 8 (Figure 2 and Figure 6a), the rigidity of the TOD
fragments and the short length of the two dithia bridges
prevent a more concise conformation of the ring framework
without marked and energetically unfavorable deformation
of the bond angles therein. Thus, the non-bonding CH,+--O
distances across the macrocycle are relatively long (Fig-
ure 2), and the inner C—H bonds do not fill completely the
void space (ca. 2 A in diameter) within the ring, as seen in
the space-filling model (Figure 6, a).

In 8,, extension of the dithia -CH,S(CH,),SCH,- brid-
ges to the longer trithia ensembles —~CH,S(CH,),S(CH,)--
SCH>- provides adequate conformational freedom to afford
a folded void free structure (Figure 5 and Figure 6b). One
can see there the conformational disorder associated with
the leftmost sulfur, the anti conformation about all the S—
C-C-S bonds, as well as the short CH,*-*O contacts that
fill the inner space. Note also that all the S atoms point
outward and, as opposed to the open ring structure and
lack of close C-H---O contacts in (a), the folded self-filled
molecular structure in (b) enables more effective C—H---O
bonds/interactions.

All four structures reveal a considerable shortening of
the carbon-carbon bonds in the S-C-C-S fragments (with

Compound 7tel 8kl 74kl 8,

SC-CSkl 1.497 1.525 1.423-1.485 1.514-1.522 1.477-1.514
[SC-CSuverage 1.497 1.525 1.454 1.519 1.494
S—Clal 1.801-1.827 1.796-1.808 1.799-1.866 1.805-1.821 1.789-1.884
C-S-Cb! 104.7 100.7-101.0 100.6-101.9 99.7-104.9 100.5-104.5
S-C-C-Sld 178.0 157.0 173.4-173.7 174.7-179.7 160.3-178.0
[S-C-C-Sluerage 178.0 157.0 173.6 177.2 170.5

68.5, 74.71

[a] Bond length range [A]. [b] Bond angle range [°]. [d] Torsion angle range anti [°]. [e] Structures determined with higher precision. [f]

syn torsion angles.
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crown ethers (irrespective of whether the conformation
about these bonds is syn or anti). Selected covalent param-

one exception), as compared to standard C(sp?*)-C(sp?) val-
ues, analogous to that observed in the OC-CO bonds in

Table 6. Selected bond lengths [A], bond angles [°] and torsion angles [°] for 7, 7», 75 and 8, according to the atom numbering illustrated
in the adjacent 75 structure.

Parameter | Cpd. = 7 7, 73 8 8,

Bond lengths

01-C2 1.420 1.403 1.415, 1.416 1.398 1.409, 1.413
05-C6 / Ola—C2a 1.393 1.415,1.421 1.401 1.412,1.412
01-C9 1.426 1.449 1.433,1.443 1.456 1.432, 1.433
05-C10/01a—C9%a 1.478 1.437, 1.441 1.434 1.437,1.441
03-C2 1.399 1.428 1.416, 1.419 1.406 1.409, 1.413
07-C6/ O3a-C2a 1.410 1.411, 1.415 1.406 1.395,1.412
Cc2-C11 1.512 1.515 1.507,1.514 1.500 1.504, 1.516
Co-CI11’/C2a—Clla 1.534 1.505, 1.512 1.513 1.498,1.515
03-C4 1.423 1.435 1.430, 1.440 1.422 1.429, 1.441
07-C8 / O3a-C4a 1.455 1.429, 1.434 1.438 1.418, 1.442
C4-C10 1.512 1.477 1.504, 1.507 1.494 1.491, 1.507
C8—C9/C4a—C10a 1.498 1.506, 1.510 1.495 1.497, 1.506
C9-C10 1.523 1.509 1.527, 1.527 1.491 1.533
C%-Cl10a 1.517 1.499
C11-S12 1.801 1.820 1.805, 1.814 1.807 1.805, 1.809
C11’=812’ /C11a-S12a 1.819 1.807,1.808 1.793 1.789, 1.800
S12-C13 1.827 1.870 1.817,1.818 1.808 1.812, 1.856
S12°-C13* /S12a-Cl3a 1.838 1.817,1.818 1.795 1.827, 1.866
C13-C13’ 1.497

C13-Cl13a 1.527

C13-C14 1.514 1.514,1.518 1.484,1.514
C13’-C14’ 1.434 1.518,1.519 1.477,1.503
Cl14-S15 1.829 1.814, 1.817 1.817,1.822
C14’-815 1.814 1.817,1.819 1.799, 1.865
Bond angles

C2-01-C9 115.0 113.0 110.6,112.2 111.1 111.8,112.4
C6-05-C10/C2a-01a—C9a 111.4 111.3,111.4 111.5 111.5,111.5
C2-03-C4 112.5 112.0 110.7,111.2 112.1 111.2,111.6
C6—-07-C8 / C2a-03a-C4a 1124 110.8, 111.6 1114 110.8,112.8
03-C4-C10 110.3 111.9 110.1,111.5 111.4 110.8, 111.5
07-C8-C9 / 03a—C4a—C10a 109.4 110.8, 111.6 110.7 110.2, 111.0
01-C9-C8 106.8 107.5 108.0, 108.6 107.6 108.1, 108.8
05-C10-C4 / Ola—C9a-C8a 107.6 107.9, 108.6 108.3 108.2, 108.2
Torsion angles

C2-01-C9-C10 -51.1 -57.0 -54.1,-57.8 -54.8 -53.7,-55.1
C6-05-C10-C9/C2a-Ola— -52.5 —55.6,—-56.7 -53.2 —53.9,-56.5
C9a—C10a

C2-01-C9-C8 -170.2 | ~177.3 -177.3,-174.0 -177.8 | ~174.9,-176.6
C6-05-C10-C4 / C2a-Ola~ -174.6 -175.4,-177.0 -1749 | -176.1,-177.8
C9a—C8a

01-C9-C8-07 66.4 66.8 68.3,70.3 758 70.6,72.4
03-C4-C10-05 / Ola—~C9a— 70.2 67.8,70.4 78.1 68.9,72.7
C8a-07a

H2-C2-CIl1-H11A 39.3 54.7 -171.7,-171.9 169.6 —168.7,-178.6
H6-Co-C11'-H11’A / H2a~ -45.6 176.6, 177.7 169.2 -176.0,-177.0
C2a—Clla—H11aA

H2-C2-C11-H11B -76.3 170.8 71.8,72.1 -73.6 66.6, 75.0
H6-C6-C11°-H11’B/H2a-C2a— 70.1 -65.9, -67.0 -73.6 —62.4,-63.2
Clla-H11aB
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eters relevant to the present crystallographic data are sum-
marized in Table 5.

One additional feature worth pointing out is the signifi-
cant deformation of the TOD core in the structure of 7
(Table 6), relative to the larger macrocycles 7,, 8 and 85, as
well as to open TOD systems, the structures of which were
reported in previous studies,'*!" apparently due to restric-
ted rotation about the bonds in the strained bridge of 7.

Molecular modeling probes were in order and we per-
formed conformational searches for some of the these mole-
cules, using the molecular dynamics/energy minimization
protocol implemented in INSIGHTII’s DISCOVER mod-
ule and the AMBER forcefield. Thus, for 7, at 500 °C dur-
ing 800 ps with geometry optimization every 10 ps, we
ended up with six forms, the four lowest ones shown in
Figure 7. The most stable one 7a, is indeed very similar to
the experimental, X-ray crystal structure analysis result
(vide supra), as expected of this relatively inflexible mole-
cule.

While the two less stable conformers (7¢ and 7d) exhibit
contorted S-CH,~CH,-S gauche forms, the C, symmetric
7a, as well as 7h, possess anti S-CH,—CH,—S bridges. Inter-
estingly, what appears to make 7a more stable than 7b, is
the arrangement enabling C—H--*O double hydrogen bond-
ing to the central O—-C-C-O moiety, seconding the X-ray
findings (Figure 2).

All this points to 7 adopting the same conformations in
(chloroform) solution as in the crystal (for example, the
01-C2-C11-S12/05-C6-C11'-S12’ torsion angles amount
to ca. 30°.) and fits, in fact, the '"H NMR spectrum of 7 (as
opposed to the larger ring in the series - cf. Table 3 below),
having the respective H2 signal not only shifted to lower
field, but changed from triplet to doublet, corresponding
with the above torsion angles (Table 3).

To be sure, the X-ray structures of 7 (and analogues) is
well reproduced not only by AMBER, but also by MM3
calculations, except for the bridge S—-C—C-S bond shorten-
ing. The short SC-CS bonds in thiacrown ethers are docu-
mented in the literature,['3! as is that of OC—CO bonds in
crowns, and we have also encountered and discussed this
phenomenon.l'¥]

Both NMR (Table 3) and X-ray analysis (Table 5) indi-
cate that structure 7, is not strained. AMBER conforma-
tional search for 7, at the 300, 400 and 500 °C reveals in
the range of 6 kJ/mol a number of conformations (none of
them being symmetrical!) with gauchelgauche, gauchelanti
and anti/anti S-CH,~CH,-S units in the bridge. One of the
antilanti conformers (7,a in Figure 8) is very close to the X-
ray structure of 7,, but the lowest energy form is the
gauchelgauche conformer 7,b.

In the same context and behaviour, simulated annealing
of 75 did not afford either the crystallographic structure as
the most stable one, in all probability due to the intermo-
lecular interactions in the crystal (Figure 4), and its lowest
energy structure (Figure 9) exhibits an all anti S-C-C-S
bridge.

As to the 2:2 macrocycle 8, conformational search
(AMBER) at 300, 400 and 500 °C reveals several stable con-
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formations with gauchelgauche, gauchelanti and antilanti S—
CH,—CH,-S units in the bridge, in the short range of about
3 kJ/mol. Some of the antilanti forms have C, symmetry,
but neither of them resembles the crystal structure of 8
(Figure 9, b),!'el with only small differences in parameters
(Table 5) of the two TOD units in 8 precluding high sym-
metry (D) of the macrocycle. In fact, geometry optimiza-
tion using the crystal coordinates resulted in a perfect
antilanti conformer and D, symmetry, the energy of which
was more than 20 kJ/mol higher than the average value re-
sulting from conformational search. While such differences
in 7,, 75 and 8 suggest that packing forces play a major role
in differentiating the crystallographic vs. molecular confor-
mational behaviour of these macrocycles, it was refreshing
to establish that simulated annealing (Insight II) of the 2:2
macrocycle 8, provides a lowest energy structure (Fig-
ure 10), similar to the X-ray crystallographic one (Figure 5)
barring the local conformational disorder within.

Concluding Remarks

We put forward a unique class of polythiacrown macro-,
giganto- and ultracyclic systems, consisting of ethylene 1,2-
dithioglycol (ETG) to poly(ethylene thioglycol) (ETG,)
bridges over one to six cis-1,3,5,7-tetraoxadecalin (TOD)
diacetal units, having ETG,/TOD ratios of 1:1 (7), 2:2 (8),
3:3(11,,3), 4:4 (11,,4) and 6:6 (11,,¢), as well as the interme-
diate 1:2 (14,,), 2:3 (14,,») and 3:4 (14,,3) oligomers. Both
stochastic and controlled approaches were taken to prepare
these systems and detailed NMR and MS spectroscopy, X-
ray crystallographic analysis and MM and MD computa-
tions were performed, to construct a coherent picture of
their structure, stereochemistry and remarkable interrela-
tionship. The length and complexity of this report prohibit
inclusion of available metal-ion complexation data, which
will be presented in a separate publication.

Experimental Section

General: All reactions were carried out in commercially pure or
purified dry solvents under argon (Ar) and monitored by TLC and/
or by '"H NMR spectroscopy. Column chromatography was per-
formed on Merck silica gel (60, 0.040-0.063 mm) unless indicated
otherwise. Melting points were determined on a Biichi capillary
melting point apparatus and are not corrected. 'H and '3*C NMR
spectra were recorded routinely on AC-200 and ARX-400 or -500
Bruker spectrometer in CDCl;. All chemical shifts are J-values in
ppm: for 'H relative to TMS as internal standard and for '3C rela-
tive to CDCl; (center of triplet 77 ppm) — except for spectra in
CD;CN which are relative to CD;CN (center of heptet 6 =
0.2 ppm). The results are collectively tabulated in Table 2 and
Table 3. Mass spectra (EI-MS, CI-MS and FAB) were recorded on
a VG Autospec 250 mass spectrometer and high resolution mass
spectrometric (HRMS) data were obtained for all new compounds.
MALDI-TOF MS analyses were performed on a Reflex IV Bruker
Daltonics instrument and the results are tabulated in Table 4. The
smaller compounds could be measured even without any matrix
but regularly we used as matrix DHB in THF. Dithranol (1,8,9-
trihydroxyanthracene) in chloroform was also used, but a peculiar
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gradual fragmentation of TOD-CH,(SCH,CH,),, moieties was ob-
served. This behaviour was observed in all measured spectra using
dithranol matrix and is worth noting for any other polythiamacro-
cycles under potential scrutiny. IR spectra were recorded with a
Nicolet 205 FTIR instrument in KBr pellets. The dithiols used were
commercial or self produced!'® materials, except 3,6-dithiaoctane-
1,8-dithiol, which was prepared as described.l'”! (S,S)-2,6-bis(brom-
omethyl)-1,3,5,7-cis-TOD (6),['*] [a]p = 30.80 was prepared from
L-threitol [a]p = 13.42, and similarly the racemates. Selected optical
rotation measurements were at 20 °C.

Abbreviations: DHB = 2,5-dihydroxybenzoic acid, TOD = 1,3,5,7-
cis-tetraoxadecalin.

2,6-Bis(phenylthiomethyl)-TOD (5, R = CH,SPh): Sodium (0.1 g,
4.3 mmol) was added to absolute ethanol (4 mL) and, after com-
plete dissolution, thiophenol (0.38 g, 3.4 mmol) was added followed
by 6 (0.33 g,  mmol). The mixture was stirred at 55 °C for 4 h
after which 20 mL of water was added. The precipitated product
was filtered off, washed with 20 mL of water and 3 mL of methanol
and dried. Yield 380 mg, 97%, m.p. 125-127 °C. HR-MS (70 eV):
mlz 390.0964 (M*, calcd. for CyoH»,04S, 390.0960).

General Procedure for the Preparing of Macrocycles from ETG,, and
2,6-Bis(bromomethyl)-TOD (6) (see Schemes4 and 5): ETG,
(2 mmol) and Cs,CO; (2 g, 6 mmol) were added to 150 mL of
CH;CN and the mixture was brought to reflux under Ar. To this
well-stirred and refluxing mixture, a solution of 6 (665 mg, 2 mmol)
in 5mL of CH3CN was added and the reaction mixture was re-
fluxed for 3 h. After cooling and filtering, the solution was evapo-
rated and the crude product was resolved by chromatography as
indicated. Observed but unisolated products were identified by
mass spectrometry. Products for X-ray analysis were crystallized
usually from isopropyl alcohol.

Reaction of 6 with ETG (see Scheme 5): The reaction of rac-6 with
ETG (12) under the conditions described above provided a crude
product that was chomatographed on neutral alumina (containing
3% water) and eluted with diethyl ether. The order of elution was:
a mixture of ETG,s (17 mg),l'®1 6 (20 mg, 3%), 7 (105 mg, 20%),
byproduct 7, (7 mg, 1%), and a mixture of rac- and meso-8 (23 mg,
49%). The same reaction in DMF provided negligible yields of those
products along with 10 and the spurious compound X (see below).

The above reaction was carried out also at room temperature for
55h and the crude product was separated on silica gel (elution
gradient: chloroform; chloroform/ethyl acetate; ethyl acetate; ethyl
acetate/acetone), the products were obtained in the following order:
a mixture of dithiols (4 mg), 7 (15mg, 3%), 10 (10 mg, 1.5%),
meso-8 (23 mg, 4.4%), rac-8 (26 mg, 4.9%), rac-11,,5 (3;:3) (22 mg,
4.1%), rac-11y4 (41:4) (33.5 mg, 6.0%), [(6,:6) (11,,5) with a trace
of (51:5) (11y) (11.5mg, 1.8%)] — identified mass spectromet-
rically — and finally a mixture of ill-defined polymeric material
(38.5 mg).

2,6-(2',5'-Dithiahexano-1',6')-TOD (7): M.p. 166-168 °C. HR-MS
(70 eV): milz 264.0491 (M*, caled. for CyoH 6048, 264.0490).

2,6a:6,2a-Bis(2',5'-dithiahexano-1',6")-bis(TOD) (8): M.p. 224-225
°C. HR-MS (70 eV): m/z 528.0951 (M™, caled. for C,yH3,05S4:
528.0980).
2,6-(2',5',6',9'-Tetrathiadecano-1',10')-TOD (10): M.p. 161-162
°C. HR-MS (70 eV): m/z 356.0239 (M*, caled. for C;2H5004S,
356.0244).

Reaction of 6 with ETG,: Using the above described general pro-
cedure, the reaction of 6 (665 mg, 2 mmol) with the dithiol 12,
(355 mg, 2.07 mmol) provided a crude product which was chro-
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matographed (neutral alumina + 3% water, eluent diethyl ether),
to provide starting ETGs and 6 (ca. 2%) followed by 7, (220 mg,
34%).

2,6-(2',5',8'-Trithianonano-1',9")-TOD (7,): M.p. 169-170 °C. HR-
MS (70 eV): m/z 324.0514 (M™, caled. for Ci,H»004S; 324.0524).

Reaction of 6 with ETG3: The general procedure was followed,
using 6 and the dithiol 123 (450 mg, 2.10 mmol). The crude product
was chromatographed (neutral alumina + 3% water, eluent diethyl
ether), providing a small amount of starting materials, ETGs and
6, followed by 75 (350 mg, 46%).

2,6-(2',5',8',11'-Tetrathiadodecano-1',12")-TOD (75): M.p. 179-180
°C, [a]lp = 13.84, HR-MS (70 eV): m/z 384.0580 (M™, calcd. for
C4H5404S,4 384.0558).

Targeted Preparation of X and 10: A solution of 6 (332 mg,
1 mmol), ETG (12) (I mL, 12 mmol) and triethylamine (1 mL,
7 mmol) in DMF (12 mL) was stirred overnight at 100 °C. After
evaporation of the DMF, the solid residue was washed twice with
20 mL of chloroform, to provide the product X (215 mg), which is
insoluble in chloroform (and very soluble in water). The unified
chloroform washings were evaporated and the residue was chro-
matographed (neutral alumina + 3% water) to provide (elution
with diethyl ether) crystals of the disulfide 10 (12 mg) (vide supra).

2,6-Bis(dimethyliminiomethoxymethyl)-TOD Dibromide (X): IR
(KBr): 978, 996, 1020, 1045, 1060, 1084, 1137, 1156, 1178, 1253,
1364, 1384, 1452, 1473, 1656 (m), 2713, 2796, 2811, 2871, 2919,
2977, 3000, 3400 cm! (br). 'TH NMR (D-O, d, ppm): 2.95 (s, 12 H,
CHs), 3.39 (d, 3Jmi 112 = 4.3 Hz, 4 H, H11), 4.0 (m, 6 H, H4 and
H9), 5.23 (dd, 2 H, H2). MS-CI: 261 (C,;H;o0¢N"), 341, 343.

Reaction of 6 with 2,6-Bis(2-thiabutane-4-thiol)-TOD (9) (see
Scheme 6): To a stirred, ice-cooled mixture of (95,105)-6 (332 mg,
1 mmol) and Cs,COs5 (3 g, 9 mmol) in 20 mL of acetonitrile (under
Ar), ETG (2 g, 21 mmol) was added and stirring was continued
while room temperature was reached overnight. The reaction mix-
ture was filtered (under Ar) and the solvents were evaporated in
vacuo. The residue was washed (under Ar) with 100 mL PE and
dissolved in 20 mL of acetonitrile (Solution 1). To a stirred, re-
fluxing (under Ar) solution of (9S5,105)-6 (332 mg, 1 mmol) and
Cs,CO3 (3 g, 9 mmol) in 100 mL of acetonitrile, “Solution 17 (con-
taining mostly 9) was added with strict exclusion of air and reflux/
stirring was continued (under Ar) during 1 h. After cooling, fil-
tration and evaporation, the crude product was separated on silica
gel. Elution with gradient PE/ethyl acetate provided first some
polyethylene dithiols (2.5 mg), followed by 6 (16 mg, 2.5%), 8
(100 mg, 19%), and minute amounts of 11,3 and of a mixture of
oligomeric material (13;,,).

General Procedure for Oligomers (14,,,) (see Schemes 8 and 9):
ETG,, (0.37 mmol), 2,6-bis(bromomethyl)-TOD (6) (I mmol) and
K,CO; (250 mg) were suspended in 20 mL of oxygen-free acetoni-
trile (Ar-saturated for 30 min) and refluxed under Ar for 6 h. The
mixture was filtered, washed with acetonitrile and the solid residues
were triturated with CH,Cl, and CHCIl;. The combined filtrates
were evaporated and the residues chromatographed (alumina type
11, elution with PE/CH,CIl, in decreasing ratio). Typical yields (of
isolated pure compounds) from the reaction of 6 (3.88g,
11.7 mmol) with 12, (0.920 g, 4.3 mmol) were: starting material 6
(1.5 g, 38%), oligomer (145,) (765 mg, 24.9%), macrocycle (73)
(26 mg, 1.7%), oligomer (145/,) (415 mg, 17.6%), oligomer (14s/3)
(100 mg, 4.7%)).

2,6a-Bis(bromomethyl)-6,2a-(2',5',8',11'-tetrathiadodecano-1',12")-
bis(TOD) (143;;): MS-CI 715.0 [MH"], [a]p = 5.65.
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2,6b-Bis(bromomethyl)-6,2a;6a,2b-bis(2',5',8',11'-tetrathiadode-
cano-1',12")-tris(TOD) (145,): MS-FAB 1098.7 [MH™*].

2,6¢c-Bis(bromomethyl)-6,2a;6a,2b;6b,2c-tris(2',5',8',11'-tetrathia-
dodecano-1',12")-tetrakis(TOD) (145,3): See Tables 2 and 4.

General Procedure for the Preparation of 1:1, 2:2 and 3:3 ETG,/
TOD Macrocycles (7, 8,, 11,,3) from TOD (6) or 14,,,,['° and ETG,,
(12,) (see Schemes 4, 10 and 11): ETG, (1.5 mmol), TOD-dibro-
mide (6) (1.5 mmol) and K,CO; (1.4 g) were suspended in oxygen-
free (Ar-saturated for 30 min) acetonitrile (100 mL), vigorously
stirred and refluxed under Ar for 6 h. The reaction was filtered
while hot, washed with dichloromethane. The combined filtrates
are evaporated and chromatographed on alumina (type II, PE/
CH,Cl, in increasing polarity), to afford the smaller macrocyles
(up to 3:3). Typically, the reaction of 6 (0.485 g, 1.46 mmol) with
ETG3 (123) (0.313 g, 1.46 mmol) and K,CO; (1.4 g) provided: start-
ing material 6 (150 mg, 35%), 73 (183 mg, 37%), [by-products (74)
(10 mg, 2%, due to the presence of 12, impurity in the starting
dithiol) and ETGs;-disulfide (105) (13 mg, 1.7%)] and 8; (28 mg,
5.1%).

2,6-(2',5',8',11',14'-Pentathiapentadecano-1',15")-TOD (74): MS
(EI-HR): 444.0619 (M), caled. 444.0591 (C¢H»504S5).

2,6-2',5',8',11',12',15',18',21’-Octathiaeicosaduano-1',22")-TOD
(105): MS (CI) 597.1 [MH™].

2,6a:6,2a-Bis(2',5',8',11'-tetrathiadodecano-1',12")-bis(95,10S5)-
TOD (85): MS(CI) 769.1[MH™].

Analogously, 6 and ETG, afforded 7, (53%) and 8, (5%), along
with the corresponding accompanying products.

2,6a:6,2a-Bis(2',5’,8’-trithianonano-1',9")-bis(9S5,105)-TOD (8,):
EI-MS 648.3 (M™).

General Procedure for the Preparation of Large TOD-Thiamacro-
cycles 11,,,,'% (see Schemes 10 and 11): ETG,, (0.5 mmol), dibromo
oligomer (0.5 mmol) and K,COj; (1 g) are suspended in oxygen-free
acetonitrile (20 mL, Ar-saturated for 30 min) and refluxed under
Ar for 6 h. The mixture was cooled to room temperature, filtered
and the solids washed with cold acetonitrile. Trituration with
CH,Cl, and CHCl; afforded the large-sized macrocycles. The ace-
tonitrile filtrates were evaporated and the residues chromato-
graphed on alumina (type II); eluted (PE/CH,CI, in decreasing ra-
tio) to afford the desired macrocyles.

Typical yields for the reaction products from 145,; (0.340 g,
0.47 mmol) with 125 (0.110 g, 0.51 mmol): gigantocycle 11534
(150 mg, 41%), macrocycle 8; (35 mg, 19%) and traces of macro-
cycle 75 and of starting oligomer 145,.

Typical yields for the reaction products (in order of isolation) from
145/, (0.220 g, 0.20 mmol) with 123 (0.050 g, 0.23 mmol): ultracycle
113, (115 mg, 50%), macrocycles 75 (2 mg, 2.5%) and 8; (8 mg,
5.2%), starting oligomer 14, (5 mg, 2.3%) and macrocycle 1153
(13 mg, 5.6%) and some undefined oligo- and polymeric material.

X-ray Diffraction Analyses

2,6a;2a,6b;2b,6-Tris(2',5',8',11'-tetrathiadodecano-1',12")-tris-
(TOD) (113,3) and 2,6a;2a,6b;2b,6¢;2¢,6d;2d,6e;2e,6-Hexa-
kis(2',5',8',11’-tetrathiadodecano-1',12")-hexakis(TOD) (1135): The
measurements were carried out with Mo-K,, radiation, on Nonius-
CAD4 (for 7,) and Nonius KappaCCD (for 75 and 8,) diffractome-
ters. Diffraction experiments were conducted at room temperature
(ca. 293 K) for 7,, and at ca. 110 K for 75 and 8, in order to opti-
mize the quality of the structural results, and in the latter case also
to minimize the conformational disorder 8, exhibits (see below).
Crystals of 7, and 8, diffracted poorly, which limited somewhat the
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precision of the structural determination; those of 75 appeared
much more robust and their analysis yielded more accurate results.

Crystal Data of 7,: C,H,,04S;, M = 324.46, monoclinic, space
group P2,/n, a = 9.225(2), b = 13.148(4), ¢ = 12.828(5) A, § =
105.46(2)°, V = 1499.6(8) A3, Z = 4, T = 29322) K, D, =
1.437 gem3, u(Mo-K,) = 0.50 mm™', 1796 unique reflections to
20max = 46.0°, 172 refined parameters, R; = 0.079 for 1233 observa-
tions with 7 > 2a(/), R; = 0.115 (wR, = 0.194) for all unique data,
|AP|max = 0.46 /A3

752 C14H»404S,4, M = 384.57, orthorhombic, space group P2,2,2,
a =8.7849(1), b = 19.1743(2), ¢ = 20.9126(3) A, V = 3522.61(7) A3,
Z =38, T=1102) K, D, = 1.450 gem3, u(Mo-K,) = 0.55 mm ',
7670 unique reflections to 20,,,, = 54.2°, 398 refined parameters,
R, = 0.034 for 6575 observations with I > 2c(I), R; = 0.047 (WR,
= 0.082) for all unique data, |Ap|max = 0.45 e/A3.

8,: Co4Hy4005Se, M = 648.92, monoclinic, space group P2y, a =
5.3950(1), b = 15.6509(4), ¢ = 18.4342(6) A, p = 98.284(1)°, V =
1540.28(7) A3, Z =2, T = 110(2) K, D, = 1.399 gem3, u(Mo-K,)
=0.48 mm™!, 3470 unique reflections to 20,,,, = 55.7°, 361 refined
parameters, R, = 0.046 for 3171 observations with 7 > 2o(/), R, =
0.052 (WR, = 0.125) for all unique data, |Ap|pmax = 0.57 e/A3. The
molecular conformation is characterized by partial disorder with
one of the S atoms adopting two equally populated sites. This ap-
parent disorder affects the accuracy of the observed covalent pa-
rameters in the close vicinity of this atom.

CCDC-292079 (for 7,), -292080 (for 75) and -292081 (for 8,) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Molecular Modeling: Molecular modeling was carried out with the
BIOSYM 1998 package, using InsightI1.1'> The Builder module was
used for starting structures for conformational search, Discover for
molecular dynamics and energy minimizations and Analysis for
constructing and analysing conformer energy and geometry trajec-
tories. The AMBER force field (within Insight II) reproduced best
most of the crystal structures of the molecules under study. Confor-
mational searches were done using Molecular Dynamics (MD)/En-
ergy Minimization (EM) technique which consists of constant tem-
perature MD simulation for the molecule with dynamic structure
sampling and energy minimization at defined time intervals, con-
ducing to a set of lowest-energy conformers.
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