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This Microreview concentrates on synthetic issues regarding
shape-persistent cycles whose diameters range from a bit
more than 1 nm up to the presently largest representative
with approximately 5 nm. Its goal is to provide an overall
feasibility picture and give those, who want to enter this
field, some guidelines. An unambiguous structural character-
ization of these huge molecules is not always an easy task
and some related problems will therefore also be discussed.
The Microreview is mainly concerned with cycle formation

itself and not so much precursor synthesis. Additionally, it
places some emphasis on what has been achieved with these
intriguing compounds applicationwise and what future they
may have. Because of the wealth of material available, a few,
clearly stated, yet to some extent artifical restrictions in the
selection of cycles had to be applied.
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As chemistry undergraduates, some of us were taught
that cycles beyond some 15 or 20 chain members were diffi-
cult to prepare and that they were not especially interesting
anyway. Spurred on by the considerable international efforts
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during the 1980s to further the understanding of the poly-
ethylene chain folding process, one of the fundamental
questions of polymer science, however, chemists developed
routes to cycles with enormous numbers of chain members,
and thus impressively showed that this apparent problem
could be solved.l! By use of repetitive growth schemes,
high-dilution techniques, and robust coupling conditions,
monodisperse oligomethylene cycles ((CH,],) with numbers
of methylene groups as astoundingly high as n = 288 were
synthesized and characterized, including their packing and
folding behaviour in the solid state.”) These works clearly
mark a milestone in hydrocarbon chemistry. In solution and
in melts, oligomethylene cycles adopt coiled conformations
very much like those of flexible polymer chains, the only
difference being their cyclic nature and, thus, their lack of
termini. In view of the intentional nature of this imple-
mented high flexibility, it does not make sense to ask the
question of whether these cycles might embrace an interior
and separate it from an exterior. For many exciting applica-
tions other than chainfolding, however, it would be desir-
able to have huge cycles with noncollapsable — and thus
conformationally rigid — structures available. It is this very
rigidity that, hand in hand both with engineerable func-
tionality in the interior and with the ability to decorate the
exterior in a variable manner, has triggered the interest of
many chemists over the past decade. This has resulted in
considerable synthetic activity and numerous application-
oriented findings, including self-aggregation into columnar
stacks for transport and separation in confined geomet-
ries,! formation of ordered monolayers for nanopatterning
purposes of solid surfaces, and usage as rigid and orienta-
tion-mediating scaffolds for catalytic or biomimetic applica-
tions, etc.

This article concentrates on synthetic issues concerning
shape-persistent cycles, trying to provide an overall feasibil-
ity picture and addressing some pitfalls and occasional dif-
ficulty with unambiguous structural characterization. It
also places some emphasis on what has been achieved with
these intriguing compounds on the long road to applica-
tions. The field of huge and rigid cycles is currently develop-
ing very rapidly. Almost every month a new size record is
reported, and so it is not easy to present a comprehensive
picture of its present state. In order to structure the vast
amount of material, a few restrictions — all to some degree
artificial — have been applied. Thus, only the following
cycles have been considered:

1) cycles of an appreciable size, typically beyond about 20
ring atoms (corner-to-corner diameter above approximately
1 nm), and a potentially usable interior. This excludes work
by Iyoda,>®! Lehn,["! and others,®!

2) cycles that do not include any saturated atom as integ-
ral ring members. This excludes important work by
Hodge,”! de Meijere,!'% Stoddart,!'! and others.['”! Though
many of these cycles will be shape-persistent to some de-
gree, those with a methylene carbon atom, ether group, or
similar component are regarded as conformationally less ri-
gid than the cases reported here, in which all integral ring
members are unsaturated. The aspect of shape persistency
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may be assessed differently by different researchers. Know-
ledge of the bending modulus of individual cycles would
help for description and comparison of shape persistency in
quantitative terms. This data is unfortunately not yet avail-
able and not easy to obtain anyway,

3) cycles that do not contain transition metals as integral
ring members. Although numerous examples of this kind
are known'?! through, for example, the impressive work by
Fujita and Stang,['¥ they are rather considered a different
class because of their potential for ligand-exchange reac-
tions,

4) cycles that are not cyclodextrins,['3] cyclic oligopep-
tides,['% and related compounds,['” and, finally,

5) cycles that are not double-stranded like [n]beltene pre-
cursors!!® and related compounds.['*]

Furthermore, this article uses Hoger’s>?! 1999 reviews as
a basis and thus concentrates on cycles reported since then.
Only in cases in which it is important to draw general con-
clusions or to contrast certain findings are selected less re-
cent cases also discussed. Much of the work involved in the
synthesis of macrocycles has to be invested in their pre-
cursors. For reasons of space we have chosen to concentrate
in this review on matters dealing directly with cycle forma-
tion, rather than their precursors, and describe only a few
aspects dealing with the latter topic. As mentioned, the se-
lection of cycles presented in this article was made on syn-
thetic grounds. As far as properties are concerned (Section
4), this may not be the optimal choice in every case.

2. General Aspects

Table 1 and Figure 1 list the 108 shape-persistent cycles
that met the above criteria.[>! ~63 Several of them have the
same framework and differ only in their substitution pat-
terns. Many have a hexagonal or near-hexagonal structure,
although (bent) triangles, rectangles or near-rectangles, and
multigonal frameworks are also represented. The corner-to-
corner distances range between roughly 1 and 5 nm. Ap-
proximately half of the cycles are hydrocarbons, the other
half contains heteroaromatic units such as pyridines, bipyr-
idines, terpyridines, thiophenes, phenanthrolines, carba-
zoles, and porphyrins. The hetero (donor) atoms of these
units may point in either endo- or exocyclic directions, or
may rotate more or less freely between these two rotameric
states. Except for 10a and 10b,[*¥ all the cycles bear flexible
chainsl® in order to render the conformationally rigid
frames soluble in common organic solvents under ambient
conditions.[® This matter is of crucial importance when-
ever large and rigid molecules need to be characterized,
processed, or modified, etc. by wet-chemical methods.
Many of the cycles bear functional groups such as esters,
nitriles, or protected alcohols, again pointing in either endo-
or exocyclic directions. They can be used to engineer prop-
erties and to provide anchor sites for complexation. Of
these 108 cycles, 79 were synthesized from acyclic precursor
molecules and represent the “core business’ of this article.
The remaining 29 were obtained from already existing
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Table 1. Synthesis and characterization of macrocycles shown in Figure 1; * = mixture of diastereomers

Compound Yield® Amount reported Coupling method!®! No. of precursors in cyclization Characterization methods
1121 15% 16 mg Alel 1 GPC, MS, NMR
2022] 68% 168 mg A 1 GPC, MS, NMR, UV, EA, X-ray!?’
17% 27 mg A 2
324] 21% 132 mg A 2 (GPC), MS, NMR
4231 n.s. n.s. A 3 GPC, MS, NMR
540261 40% 70mg B 1 GPC, HPLC, HRMS, NMR
5pl20] n.s. ns. B 1 MS, NMR
5cl27.28] 6% 30 mg C 6 m.p., MS, NMR, IR, UV, EA, X-ray
5d127-281 1.2% 4.8 mg C 6 MS, NMR
527.281 0.5% 2.3 mg C 6 MS, NMR
5912 R MS, NMR, IR
5hI29 R MS, NMR, UV, IR, X-ray
6l 54% 54 mg B 2 GPC, m.p., MS, NMR, IR, UV, a, CD, EA
6b130) 50% 65 mg B 2 GPC, m.p., MS, NMR, IR, UV, a, CD, EA
6¢l301 n.s. n.s. B 2 n.s.
6dB% n.s. n.s. B 2 n.s.
7311 1% 15 mg B 5 HPLC, m.p., MS, NMR, IR, UV
8132l 16% n.s. B 2 MS, '"H NMR
92331 14% 209 mg B 2 GPC, MS, IH NMR, EA
9p!33! 5% 79 mg B 4 GPC, MS, 1H NMR, EA
1024 54% 220 mg Bl 2 MS, NMR, UV, EA
10b34 32% 90mg D 2 UYV, (EA), charact. as complex
112833 28% 383 mg B 2 GPC, MS, NMR, EA, X-ray
11b33) 25% 250 mg B 2 GPC, MS, NMR, X-ray
11¢*B0 14% 160 mg B 2 GPC, MS, NMR, X-ray
11457 18% 83 mg B 2 GPC, MS, NMR
1137 21% 340 mg B 2 GPC, MS, NMR
1225381 21% 25mg B 2 MS, NMR, X-ray
12p138! 14% 42mg B 2 MS, NMR, STM, X-ray
12381 25% 114 mg B 2 MS, NMR, X-ray
12d%138) 18% 135 mg B 2 MS, NMR
121381 18% 216 mg B 2 MS, NMR
13al38] 27% 40 mg B 2 MS, TH NMR
13b138] 8% 28 mg D 2 MS, IH NMR
131381 18% 39 mg B 2 MS
13438 19% 46 mg B 2 MS
13el38 11% 45 mg B 2 MS, NMR
14al3 48% 860 mg D 2 m.p., MS, NMR
14p13% R m.p., MS, NMR
14¢39 R m.p., MS, NMR
14d539 R m.p., MS, NMR, STM
141391 R MALDI, NMR, m.p., STM
1441401 R X-ray
14gl41] n.s. n.s.
14h41 R DLS, TEM, AFM
14il42) R
14j142 R
15al431 25%, 18mg D 2 HPLC, m.p., MS, NMR, IR, UV, EA
73% 219 mg D 1
15b1441 50% 150 mg D 1 HPLC, m.p., MS, NMR, IR, EA
15d1441 29%, 64 mg D 1 HPLC, m.p., MS, NMR, IR, UV
15eM43] 18% 13 mg DIl 4 HPLC, MS, NMR, m.p., UV
12% 36 mg Dl 2
16%531 ns. n.s. D 4 HPLC, m.p., MS, IH NMR, IR, UV
17a*143] 79% n.s. D 2 MS, n.s.
17b*3] 75% n.s. D 2 MS, n.s.
181451 R HPLC, MS, NMR, UV
19a%[4] 70% 102 mg D 2 MS, NMR, IR
19p*l46] R GPC, MS, NMR, IR
201461 R HPLC, m.p., HRMS, NMR, IR, UV, X-ray
21a*H7 15% n.s. D 3 GPC
21b*[47] R IH NMR, UV
22047] R MS, NMR, IR, UV
2340481 10% 43 mg D 4 MS, NMR, IR, UV
11% 3 mg D 2
23pl48] 2% 3.2 mg D 5 MS, NMR, IR, UV, EA
23cl48] trace D 6 MS, 'H NMR, IR, UV
3% 1 mg D 3
2341481 56% 40 mg D 4 GPC, MS, NMR, IR, UV
23el48 4% 3 mg D 5 GPC, MS, 'H NMR, UV
231481 9% 4 mg D 2 GPC, MS, NMR, IR, UV
23gl481 13% 6 mg D 3 GPC, m.p., MS, NMR, IR, UV, X-ray
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Table 1. (continued)

Compound Yield!? Amount reported Coupling method!®! No. of precursors in cyclization Characterization methods
23h145] 9% 4mg D 4 GPC, MS, NMR, IR, UV
24l49-50] 399/* 152 mg* D 2 charact. as complex
24p!50] n.s. D 2 MS, n. pur.
24¢l49.50] 51% 29 mg D 2 m.p., HRMS, '"H NMR, IR, UV
25al51:52] 2—12% n.s. D 3 HPLC, m.p., MS, NMR, STM, >3 X-ray!>3
25p(51.52] 2-12% ns. D 4 HPLC, m.p., MS, NMR, STM, > X-ray
250151521 2-12%  ns. D 3 HPLC, m.p., MS, NMR, STM
254151521 2-12%  ns. D 4 HPLC, m.p., MS, NMR, STM
26al51-521 R HPLC, m.p., MS, NMR, STM
26b151:521 R HPLC, m.p., MS, NMR, STM
26¢l51:52] R HPLC, m.p., MS, NMR, STM
271431 R m.p., MS, NMR, IR, UV, EA
2854 5.3% 20mg B 6lel GPC, MS, 'H NMR, UV
28541 R MS, 1H NMR, UV, fl.
28155 13% 10 mg BldI 2lel GPC, MS, '"H NMR, UV

14% 10 mg Bl 20
284155] 10% 8 mg B 2lel GPC, MS, 'H NMR, UV
204156.57] 30% 1.8mg B 1 MS, 'H NMR, UV
20p56.57] 15% 0.95mg B 1 MS, 'H NMR, UV
29¢156:57 8% 0.39mg B 1 MS, 'H NMR, UV
294156:57) 31% 1.51mg B I MS, 'H NMR, UV
206156571 R MS, 'H NMR, UV
30081 96% 806 mg E 2l NMR, EA, X-ray
312k 99% 991 g E 3 substance known
31b) 92% 349 g E 3 substance known
3241601 91% 6.60 g E 2 MS, NMR, EA, X-ray
32pl60] R MS, NMR, EA, X-ray
33al6! 80% 347 ¢g E 3 MS, NMR, EA, X-ray
33pl60l R HRMS, 'H NMR
34! 86% 110 mg E 2 'H/'F NMR, EA, X-ray
34pen 91% 114 mg E 2 'H/'°F NMR, EA
34cl611 R EA
344611 R MS, 'H/"F NMR, EA
34el01) 85% 99 mg E 2 EA
3411611 R MS, 'H/'"F NMR, EA
3509 95% 895 mg E 21 'H NMR, EA, X-ray
36al62) 82% 119 mg E 3 'H NMR, EA
36bl02! R n.s.
36631 91% 197 g E 3 'H NMR, EA, X-ray
36d163] R MS, NMR, EA
372291 14% ns. F 3 MS, NMR
37p129] 15% n.s. F 2 MS, NMR

[al The yield is only given for cycles closed from open-chain precursors. [’/ The coupling methods were A: Suzuki, B: Sonogashira, C:
alkyne metathesis, D: oxidative alkyne homocoupling, E: zirconocene coupling; F: McMurry, and R: ring precursor. [ From bromo
precursor. [ Different conditions were applied. [°! Cyclization was achieved by use of a template.

cycles by chemical modification and are discussed together
with their respective precursors.

All the cycles have all-carbon perimeters and contain
only sp- and sp>-hybridized carbon atoms. Transition metal
induced homo- and cross-coupling reactions therefore play
the key role in their synthesis. The following six reaction
types were applied for the 79 cycles, the numbers in paren-
theses describing the total number of cases prepared ac-
cording to the respective method: aryl/aryl (4), aryl/alkynyl
(32), and alkynyl/alkynyl couplings (27), acetylene zircon-
acyclopentadienation (11) (referred here to as zirconocene
coupling), alkyne metathesis (3), and McMurry olefination
(2). Clearly aryl/alkynyl (Sonogashira/Hagihara)!®®! and al-
kynyl/alkynyl couplings are by far the most commonly used
cyclization reactions. Each of these six reaction types in-
volves different conditions and mechanisms. For example,
alkynyl/alkynyl couplings comprise the Eglinton,®”! Hay,[®8
and Breslow!®! variants of the Glaser coupling reaction.”"!
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Synthesis efficiency has not been investigated in any system-
atic and comprehensive manner. The effect of the different
reaction conditions on the efficiency of cycle formation is
therefore difficult to predict, and has to be tested for each
individual case. For the special case of cycle 15a, Tobe
found that Glaser and Breslow conditions were superior to
those reported by Hay. Whereas the first two conditions
gave 15a in 15—25% yield, the last failed to give it in any
appreciable amount.[”!]

The feasibility of a chemical reaction is mirrored by the
number and ease of transformations and the overall yield.
Because of the lack of any systematic study in the area of
macrocycles, it is not possible to draw a quantitative picture
as to which of them are the easiest to prepare and which of
the coupling methods is the best. Some insight into this mat-
ter is provided, however, by the total amounts in which the
cycles were prepared. Though not necessarily correct in each
case, it is reasonable to assume that the synthetic complexity

Eur. J. Org. Chem. 2002, 3075—3098
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6a: (M,M,M)
6b: (M.P,M)
6c: (P,P,P)

6d: (P,M.P)

1 - - - C6H13 - - -

2 - - - CGH13 - - -

3 - - - CH20CgH3 - - -

4 - - - CgHi3 - - -

52 - - - H  CHpyO(CHaCH,0)3CHg - -

5 - - - H O(CH,CH,0);COCH; - -

5c¢ - - - H tBu - -

5d - - - H CeHia . .

¢ - - - H CizH2s - -

5f - - - CHj tBu - -

5§ - - - OCH; H - -

5h - - - OCH3 tBu . )

6 - - - COOCqgH21 - - -

8 - - - CeHis tBu OCH3 -

9a - - 0 Ci4H29 - - -

9b - - 1 Cq4H29 . . .

10a - - 0 - - . .

10b - - 1 - - - .

11a N - - CH;0CgH13 H CHaOCgH13 -

1b N - - CHyOMOM CH,OCgHi3 CH,OMOM -

11c* N - - CHOTHP CH,0CgHs3 CHOTHP -

1M1d N - - CH20C6H13 CH2006H13 CH2OCGH13 -

11e CH - - CHy0CgH13 CH,0CgH413 CH0CgH13 -

12a - - 0 OCgH13 OCgH13 OCgH13 H

120 - - 0  OCeHi3  OCgHis H CeHis . -
12¢ - - 0 CHpOCgHi3 CH,OCgHy;3 OCgHi3 H (lR R\OL
12d* - - 0 CHyOCgHiz CHoOTHP  OCgHi3 H R3 13 R3
120 - - 1 CHy0CgH13 CH,OCgH;3 OCgHy3 H M, U
13a - 0 0 CH0CgHiz CHy0CgHq3 - - il I
13b - 0 1 CH20CgHi3 CH,0CgH3 - -

13¢ - 1 1 CH20CgH13 CH,0CgH43 H -

13d* - 1 1 CH20CgH13  CHOTHP H -

13¢ - 1 1 CH20CgH13 CH,OCgH13 CeH13a -

Figure 1. Shape-persistent macrocycles 1—39;217631 * = mixture of diastereomers

involved in a cycle prepared in a few milligrams is higher
than for one prepared on the 100 milligram or even gram
scale. By this consideration, the 79 cycles have been divided
into three “amount categories”, which qualitatively mirrors
the overall synthetic effort and is a factor in deciding which

Eur. J. Org. Chem. 2002, 3075—3098

cycle to select for a certain objective. Some cycles have been
counted two or even more times if they were prepared ac-
cording to different, individually evaluated routes (< 20 mg
or not stated: 39 cycles, 20—100 mg: 20 cycles, > 100 mg:
26 cycles). It was also considered useful to make a rough
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14a . - OCszHy OCaHy CHg
14b . - OCsHy OC3Hy CHj
14c . - OCsHy OC3Hy CHy
14d . - OCzHy OC3Hy CHs
14e . - OCszHy OC3Hy CHs
14f . - OCgHqs3 OH CH;
14g - - H H OCgH120H
14h . - H H Y
14 . - OCqgH3y OC3Hy CHs
14 . - OC3Hy OC3H7 -
15a 0 CH tBu - -
15b 0 N CO,CgH47 - -
15¢c 1 CH Bu - -
15d 1 N CO,CgH47 - -
15¢ 2 CH Bu - -
17a* . H . - -
17b* . Cl - - -
23a 2 - H N(C12H25)2 .
23b 3 - H N(C12H2s)2 -
23c 4 - H N(C12H25)2 -
23d 2 - H O(CHa3)110(p-CgH4)2CN -
23e 3 - H O(CH2)11O(p-CgHs)2CN -
23f 2 - Bu H -
23g 4 - Bu H -
23h 6 - Bu H -
n m R R,R
19a* - - - CH,0C(CHR)50CH;
19b* - - CH,0Si(CH3),tBu -
20 - -CH,0Si(CH3)ytBu -
21a* - - . CH,0C(CH,)s0CH;
21b* - - CH,0Si(CH3),fBu -
22 - -CHy0Si(CHa)ytBu -
24a e - CH3 -
24b - - - adamantylidene
24c - - Ph -
25a 1 1 C4Hg -
25 1 2 CqHg -
25¢c 2 1 CqHg -
2sd 2 2 CsHg -

OC12H2s OCgH13

0OCq2H25 OCgH13

(o}
o OCHZ"QOC12H25 8 OCH2@'OC5H13 Y OCGHQO)é\nh/\

Figure 1. (continued)

comparison regarding the yield of the last synthesis step —
the cyclization — by defining three “yield categories™ (< 10%
or not stated: 25 cycles, 10—40%: 36 cycles, > 40%: 24
cycles). This last step, depending on the number of precursor
molecules to be put together, may actually involve everything
from one individual bond-formation process up to a series

3080

of such events before the final ring-closure takes place. The
yield categories help in assessing whether it would be more
profitable to start from more but less complicated precursors
or, alternatively, to use fewer or even only one, but therefore
more elaborate, precursor(s). For those cases in which only
one bond-formation step is required, the yield also provides

Eur. J. Org. Chem. 2002, 3075—3098
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n R
1 nBu
3 nBu
4 nBu
- Bu
RR) rRZ M MM M M M
mesityt - Zn H Zn H Zn H
mesityl - Zn Zn Zn Zn Zn Zn
mesityl - 2Zn Zn Zn Zn Zn H
mesityl - Zn Zn H 2Zn Zn H
mesityl Bu Zn Zn Zn - . .
mesityl Bu HH HH Zn - . .
mesityl /Bu HH 2Zn Zn - . .
mesityl Bu Ni  Ni Zn - . .
mesityt Bu Ni  Ni HH - . .
n X Y R
30 - ZrCpy - Si(CH3)3
31a - ZrCp; CH  Si(CHs)s
31b - ZrCp; N Si(CH3)3
32a - ZrCpy - Si(CH3)3
32b - ZrCpy - Si{CH3)3
33a - ZrCpoy - Si(CHs)3
33 - HH - Si(CH3)3
34a 0 ZrCp, - CHj;
34b 0 Zl’sz - C4Hg
34c 0 HH - CHj
34d 0 HH - C4Hg
34e 1 ZrCpp - Cy4Hg
34f 1 HH - Cy4Hg
35 - ZrCp,p - Si(CH3)3
X Y RR') R?
36a CH ZrCpyz Si(CHa3)3 -
36b CH HH  Si(CH3)3 -
36c N ZrCpy Si(CH3)3 -
36d N HH  Si(CH3)3 -
37a - - H OCH3;

Figure 1. (continued)

Eur. J. Org. Chem. 2002, 3075—3098
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some information about the probability of the two termini
finding each other in competition with the side reactions that
may concomitantly take place at the termini’s coupling func-
tionalities, rendering cyclization impossible. Though poten-
tially very interesting, neither the amount nor the yield dis-
cussion should be exaggerated, even though it is based upon
79 cases, because many of the reactions were not optimized
and several of the reported amounts and yields are likely
to be incorrect because of insufficient purity and accuracy
problems inherently associated when dealing with very
small amounts.

An inspection of the concrete cases in these different cat-
egories provides the following observations:

1. Four of the six methods gave cycles in yields of > 40%.
These are aryl/aryl (1), zirconocene (11), aryl/alkynyl (4),
and alkynyl/alkynyl coupling (8). The zirconocene coupling
gave by far the highest yields throughout, most reported
cases even being over 90%. The reason for these astoundin-
gly high yields may be seen in the reversibility of
carbon—carbon bond formation between silylated acetyl-
enes. Similar considerations apply to the many cycles not
covered in this article (see above) with transition metals as
integral components.['>!4 Many of the cycles obtained by
this method, however, have geometries that do not reason-
ably allow use of their interiors.

2. Of the 21 cycles prepared in the lowest yields, 16 (of a
total of 26) were prepared by random cyclization of three
to six precursors. By and large, this approach, though asso-
ciated with relatively little overall synthetic effort, cannot
normally compete with routes in which cycles are prepared
from fewer (but larger) precursor molecules. This is sup-
ported by the finding that 16 of the 37 cycles of the amount
category “< 20 mg” were also prepared from three to six
precursors. It should be mentioned at this point that the
several-precursor approach can, however, give much better
results. As soon as the precursors’ local concentration, and
thus the efficiency of their coupling, is increased by templat-
ing prior to the cyclization event, both higher yields and
greater prepared amounts are reported.’?l For details on
this template route the reader is referred to Hoger’s re-
view.[20a]

3. Along similar lines, the yields for cyclization seem to
be especially high in most of those cases (exceptions: entries
1, 29b, 29¢) in which cycle formation requires only one
bond-formation step. Entries 2 and 15a may serve as ex-
amples. For these two concrete cycles, which were prepared
in reasonable amounts, this assessment has been verified by
comparison of the efficiency of their syntheses either by one
or by two coupling steps. In the former case yields were 64%
(2) and 73% (15a), and in the latter 17% (2) and 25% (15a).

4. There does not seem to be a general trend of yields
depending on ring size. For example, cycle 2, despite its 90
ring members, has been prepared in a yield of 68%. Analog-
ous findings were reported by Moore, who found earlier
that the cyclization of the structurally closely related
phenylacetylene cycles with 30 and 66 ring members pro-
ceeds in yields of 75% and 70%, respectively.[’3:74 This is
not in contradiction to the relatively low yields obtained for
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29b and 29c¢, two representatives of the largest cycle of
Table 1, with corner-to-corner distances of 5.5 nm, because
of the very small amounts in which they were prepared and
the associated uncertainty with regard to accurate deter-
mination of amounts.

5. There is a tendency for heteroaromatic cycles to form
in lower yields than hydrocarbon ones (compare entry 15a
with 15b). The main reason for this does not seem to be
their heteroaromatic nature (pyridine, thiophene, etc.)
alone, but is also due to the simple fact that synthetic routes
to the corresponding precursors are much easier (or the
only possibility) if they are symmetrical and thus have
identical functional groups. This does not allow ring-clos-
ure from only one precursor, and so point 2 applies. There
is one example in which truly related aromatic and het-
eroaromatic structures may be compared (type 15). Here,
however, this comparison has not yet been reported in full.

3. Synthesis and Characterization

3.1 Some Remarks

The final bond-formation step in a cyclization of an a,o-
difunctionalized precursor X—Y is intramolecular. It is in
competition with the intermolecular coupling, which af-
fords linear or cyclic oligomers. The rate of cyclization of
the former process depends linearly on the concentration
of [X—Y], whereas that of the latter depends on [X—Y].
Application of high-dilution conditions is therefore advis-
able in most cases. In order to save solvent and to avoid the
use of very large equipment, pseudo high-dilution condi-
tions are also quite popular. Here the reagents are added
very slowly to the reaction mixture with the aid of a syringe
pump. The low concentration of X—Y and the resultant
long reaction times may pose problems if the functional
groups intended for reaction together to provide the cycle
should undergo side reactions detrimental for cycle forma-
tion. For this reason, there have been a number of experi-
ments geared towards attempts to find an optimal balance
between the two opposing effects by avoidance of syringe
pump conditions and use of moderately dilute solutions, the
concentrations of which were optimized for each individual
cyclization reaction.

Workup procedures are similar to those for any other
chemical reaction. Isolation of products is most often done
by gel permeation chromatography (GPC) or high pressure
liquid chromatography (HPLC), although conventional col-
umn chromatography has also been used. GPC elution
curves of raw material provide an easy insight into the ap-
proximate product distribution. Cycles, low molar mass oli-
gomers, and possibly catenanes!’>%7°! typically appear as
sharp lines, unfortunately not baseline-separated in all cases
but rather appearing as peaks on the envelope representing
the higher oligomeric components. The hydrodynamic vol-
umes of cyclic versus open-chain compounds of the same
molar mass differ considerably, cycles attaining a smaller
volume and, therefore, appearing at longer elution times
than their direct linear analogues. Once a few of the prod-
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ucts have been isolated, these pure fractions are used to
identify as many as possible of the other “sharp peaks” by
co-injection experiments. By such analysis, the cyclization
procedures can now easily be optimized with acceptable
overall effort.

The cycles were characterized to varying degrees by con-
ventional analytical methods including mass spectrometry
(MS), 'H and '3C NMR, UV, IR, elemental analysis, GPC,
and single-crystal X-ray diffraction. Practically all cycles re-
ported here have been characterized by MS and NMR spec-
troscopy, with a few exceptions (no '*C NMR spectra were
obtained, for example, for the scarcely soluble compounds
10b and 13b). The NMR evidence is generally based on the
fact that most cycles have a higher symmetry point group
than their precursors or oligomeric side products, and the
spectra therefore often show a reduced number of signals.
Additional evidence is provided by the lack of end group
signals, which is specifically characteristic whenever ter-
minal acetylenes are involved in cyclizations. These have a
characteristic sharp singlet at & = 3.0 ppm. If the spectra
have a sufficient signal-to-noise ratio, the nonexistence of
such end group signals can be used as an indicator of cycle
formation. The cyclic nature of the compounds can be fur-
ther corroborated by MS, which, if properly calibrated, can
differentiate between a cycle and its corresponding open-
chain analogue, the mass of which in the extreme case is
only 2 Daltons (Da) higher.l”8! For cycles with molar masses
of a few kDa, matrix-assisted laser desorption ionization
time-of-flight (Maldi-Tof) mass spectrometry has been
widely preferred over other techniques. Some specific as-
pects of individual cycles are described below.

3.2. Examples

3.2.a. (Het)arylene Macrocycles

The development of (het)arylene macrocycles containing
only aromatic units has been in two directions: the incorp-
oration of exocyclic functionalities and increases in the size.
The 42-membered, all-phenylene macrocycle 1 was pre-
pared by pseudo high-dilution Suzuki cross-coupling
(SCO)"7al in 15% yield (GPC) (Scheme 1).2!1 Its chloro
functionalities, intended for future use as anchor groups for
further constructions,[’® did not interfere with the cycliza-
tion, reflecting the high selectivity of SCC towards the heav-
ier halogens. The cyclization yield may be improved by re-
placement of the bromo function in the half-ring precursor
38 by an iodo moiety.[” The capacity of SCC with increas-
ing size in the all-phenylene series is best demonstrated by
the 90-membered ring phenylene macrocycle 2
(Scheme 2).22 Here, too, two different synthetic approaches
can be directly compared. The one in which the two pre-
cursors 39 were combined furnished 2 in 17% yield, whereas
cyclization of precursor 40 gave the identical product in
68% yield. More recently there has been increasing interest
in macrocycles as ligands for metal complexation and study
of their supramolecular properties. The all-phenylene mac-
rocycles have therefore been supplemented by (het)arylene
ones with bipyridine (bpy) and terpyridine (tpy) units as
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integral ring members. The 34-membered macrocycle 3,
with two opposing endocyclic tpy units, was isolated by
SCC of precursors 41 and 42 in 20% yield (Scheme 3).124
The precursors were synthesized by a sequence of Stille type
cross-couplings, using the high selectivity for iodo- over
bromo-functionalized carbon atoms and trimethylstannyl
over boronic acid ester groups.®°! This strategy also in-
volved a new and generally applicable synthetic route for
2,2":6',2"-tpy units functionalized in the 5,5''-positions,
which are important building blocks for many supramolec-
ular applications.¥-82] An attempted cyclization of 42 with
the corresponding stannyl-functionalized analogue of 41
under Stille conditions failed. The reason for this is not yet
understood. It is known, however, that in most cases SCC
has a much higher coupling efficiency than Stille cross-

1
R=CcHys
Scheme 1. (a) Pd(PPh;)4/toluene, Ba(OH),/H,O
R
a
OO0 — 2
R n .B-O
39:n=3 07<\—
40:n=6
R=C¢Hy3
Scheme 2. (a) Pd[P(p-tolyl);]s/toluene, Ba(OH),/H,O
a
" e 3
42
R= CH20C6H13
Scheme 3. (a) Pd[P(p-tolyl);]4/DME, Na,COs/H,O
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coupling. An extended construction kit containing building
blocks for the synthesis of larger (het)arylenes is
available.[83~83

Rehahn obtained the 54-membered phenylene macrocy-
cle 4 with three endocyclic phenanthroline units as a side
product of the Suzuki polycondensation!”’® of 43 and 44
(Scheme 4).”°!  FD mass spectrometric investigations
showed that neither small oligomers nor larger rings were
formed. This remarkable selectivity was attributed to the
conveniently fixed angles of the 2,9-substituted phenanthro-
line moieties.

R
44

43 R=C¢Hys

Scheme 4. (a) Pd(PPh;)4/toluene, Na,CO3/H,O

3.2.b Arylacetylene Macrocycles

Moore et al. extended their established set of 30-mem-
bered phenylacetylene cycles’>7486-871 with new members
bearing highly solubilizing triethyleneglycol side chains
(entry Sa/b, Table 1).[?°) These chains rendered the cycles
soluble in solvents of widely varying polarity (from toluene
to methanol), and allowed for comparative studies of ag-
gregation behaviour.

Three more recent examples describe the incorporation
of new types of structural units aimed either at chiral mac-
rocycles and/or at those bearing fragments likely to increase
the cycles’ strain on subsequent chemical modification.
Thus, Yamaguchi introduced the chiral 1,12-dimethylbe-
nzo[c]phenanthrene units and obtained the two diastereom-
eric cycles (M,M,M)-6a (Scheme 5) and (M,P,M)-6b (not
shown), as well as their enantiomeric antipodes.*®! In an
interesting approach to cyclo[n]carbons,?°?! Tobe isolated
the 20-membered macrocycle 7,311 bearing five [4.3.2]pro-
pella-1,3,11-triene units (Scheme 6). The challenging object-
ive is to subject this cycle to a [2+2]cycloreversion and thus
generate cyclo[20]carbon target structures, the generation of
which had already been tried by Diederich and Rubin.?®
While Sonogashira coupling of the chloro/acetylene pre-
cursor 45b produced only the homocoupled side product
46, a small amount of cyclic pentamer 7, together with cyc-
lic tri- and tetramer, could be isolated from a one-pot de-
protection/Sonogashira reaction of 45a.

There are a few more recent examples of macrocycles
with heteroaromatic building blocks synthesized by Sono-
gashira coupling. Schmittel prepared the 50-membered
macrocycle 8, containing two exocyclic phenanthrolines, in
16% yield from the two ring precursors 47 and 49
(Scheme 7).3%! Precursor 49 was obtained by treatment of
47 with a large excess of 48. Despite the random nature of
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(M,M,M)-6a

R= COOC10H21

Scheme 5. Pd,(dba);*CHCIl; adduct, Cul, P(mesityl);, BuyNI, Et(-
iPr),N, DMF, toluene

X
g;\z Vi
Cl

C
E 45a: X = C(CH3),0H ——» T*
a

45b: X =H
b
g% 2,
Cl

46*

Scheme 6. (a) KOH/methanol, 73%; (b) Pd(PPhs),, Cul, BuNH,,
THE, 58%; (c) Pd(PPhs),, Cul, aq. NaOH, benzyltriethylammon-
ium chloride; * = mixture of diastereomers

this reaction it could nevertheless be driven to 84% yield
and thus allowed the synthetically facile incorporation of
the iodo function into a heterocycle precursor, which is not
always easy. Maruyama et al. obtained the 32-membered
carbazolylacetylene macrocycle 9a by means of a cycliza-
tion reaction involving four precursors in 14% yield
(Scheme 8).533! A second fraction with double the mass, isol-
ated by preparative GPC in 5% yield, was assigned as the
cyclic octamer 9b. Lees et al. prepared the 30-membered
macrocycle 10a with exocyclic pyridines (Scheme 9).[34
Though this Sonogashira reaction was carried out between
a bromo- (and not iodo-) carbon and an acetylene, the reac-
tion proceeded in an astonishingly high yield of 54%. More-
over, high-dilution conditions were not applied. A set of 42-
membered phenylacetylene macrocycles 11 containing two
opposing bipyridine (bpy) units was obtained by us in
25—30% yield from two precursors (Scheme 10).35737 In
contrast to the above reaction, attempts to couple a bro-
moaryl instead of an iodoaryl under the same conditions
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failed.l’®l The cyclizations were carried out in sealed vessels
in highly diluted reaction mixtures; the application of
pseudo high-dilution conditions gave unsatisfactory results.
The tetraaryl building blocks 50 and 51 were obtained by a
new route to 5,5'-substituted 2,2'-bpy units.®? A similar
approach enabled us to prepare 46-membered phenylacetyl-
enes either with one (12a—d, Scheme 11) or with two tpy
units (13a, Scheme 12) in 14—25% yield.*® The terphenyl
precursors 52 were built up by SCC, and the tpy precursors
53—57 by a sequence of Sonogashira and Stille cross-coup-
ling steps. In all cases except for that of 12b, a second,
double molar mass (MS) fraction was obtained from the
cyclization. The structure of this dimer (92-membered cyclic
or catenane) has not yet been clarified. It should be noted
that the "H NMR spectra of this and other possible higher
molar mass products of cyclization attempts in the high di-
lution regime are almost superimposable. This may indicate
that these products are actually cycles and not catenanes,
but that cannot, however, be stated with certainty.®”! For
geometrical reasons they cannot attain a planar conforma-
tion and will most probably be saddle-shaped. A set of 58-
membered cycles 12e and 13c—e with one or two tpy units
has also been synthesized and preliminarily characterized
(Scheme 13—14). Full characterization, specifically of those
containing two tpy units, has been hampered up to now by
their poor solubility and strong tendency to form aggreg-
ates (NMR). Finally, Tour has reported initial attempted

8
1 2 _ 3_
R! = C¢H,3, R? = Bu, R® = OCH;

Scheme 7. (a) as in (b), 84%; (b) Pd(PPhs),, benzene, Et;N

a 9a:n=0
9b:n=1

R =Cy4Hp
Scheme 8. (a) Pd(PPhs),, Cul, THF, Et;N
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10a

Scheme 9. (a) PACLy(PPhs),, Cul, iPrNH,; (b) CuCl, pyridine, O,

X R R? R’
50a - CH20C6H1 3 H -
50b - CH,OCH;; CH,OCeH3 -
50c - CHzoMOM CH2OC6H13 -
50d - CH,OTHP CH,0C¢Hi; .
Sla N - - CH20C6H 13
51b N - - CH,OMOM
5lc N - - CH,OTHP
51d CH - - CH,0CeH 3

Scheme 10. (a) Pd(PPh;),, Cul, toluene, Et;N

solid-phase syntheses of cyclic phenylacetylenes.[®”! Isola-
tion of the desired product could not be achieved, however,
due to a postulated formation of catenanes between macro-
cycle and resin.

3.2.c. Arylenebis(acetylene) Macrocycles

Hoger extended his established set of
macrocycles!72¢~72&917931 with the 58-membered 14a, bear-
ing four THP-protected phenolic functions. The depro-
tected phenolic groups in 14b were used to engineer the
cycle’s properties by attachment of various straight and
branched alkyl and alkoxide chains to give l14c—e
(Scheme 15).5%1 These modifications went reasonably well,
although problems with the intermediacy of poorly soluble
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12a-d

12f: [12a],, 12 %
12g: [12¢],, 9 %
12h: [12d),, 5 %

OC¢H13
52
a l
R! R’ r? &
12e: R = CH,0CgH 3

52a - - H C6H13
52b . - OCH;; H
53a  OCgHjs3 OCgH 3 - - Scheme 13. (a) Pd(PPhjs),, Cul, toluene, Et;N

53b CH,0CgH;; CH,OCeH;; - -
53¢ CH,0CgH;; CH,OTHP - .

Scheme 11. (a) Pd(PPh;),4, Cul, toluene, Et;N

+ 132

+ — 13c-e
55¢

b
55¢ — 13b 55
R= CH20C6H13 Rl R2 R3
55a - CH20C6H13 -
Scheme 12. (a) Pd(PPh;),, Cul, toluene, Et;N; (b) PdCly(PPhs),, 55b - CH,OTHP -
Cul, piperidine, THE, O, 57a CH,0CgH;3 - H
57b  CH,OC¢H3 - CeHis

deprotected cycles were occasionally encountered. Com-

pounds 14i and 14j were prepared similarly.#?! Cycle 14g, ~Scheme 14. (a) Pd(PPhs),, Cul, toluene, EGN

another member of this type of cycle, was incorporated into

the coil-ring-coil block copolymer 14h.!1 Tobe further sup-  tetramer 58b under oxidative coupling conditions
plemented his workP4®31 by cyclization of dimer 58a and  (Scheme 16).*31 Unlike the Breslow and Hay methods,
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which did not give any cyclic material, the Eglinton coup-
ling did give product, though not in very high yields (see
above). Astonishingly, both the cyclic tetramer 15a and the
octamer 15e were isolated from dimer 58a (25 and 13%
yield, respectively), but none of the thermodynamically fav-
ored hexameric analogue 15¢ was obtained. Tetramer 58b
also only gave these two products 15a and 15e, but in differ-
ent yields of 73 and 13%, respectively. In the above project
on precursors for cyclo[n]carbons (see also 7), Tobe also
synthesized the 24- and 32-membered cycles 16, 17a, and
17b through Eglinton coupling reactions (Scheme 17).B31:4%]
Photolysis of 17a provided cycle 18 as the main product.
Though only two of the four propellane units underwent
cycloreversion, this is a substantial step towards the ulti-
mate goal. A related one-pot method was also used by Tsuji
in a Bickelhaupt-type approach®®°7l to the strained 30-
membered macrocycle 20.[4?! Ring-closure of 59a under
Eglinton conditions afforded 19a as a mixture of d/ and
meso diastereomers (Scheme 18). The bis(hydroxymethyl)
Dewar benzene unit was used in protected form to prevent
undesired aromatization prior to macrocyclization. Hydro-
lysis followed by silylation of the resulting tetrol afforded
19b. Photoisomerization of 19b quantitatively gave 20, with
freely rotating p-phenylene units. This approach recently
gave the beautiful 48-membered, fully conjugated, truly
cyclic m-system 22.[47]

C
L2 14 14b ——» ldcde
R' = 0C3H;
R2, see Fig. 1

Scheme 15. (a) CuCl, CuCl,, pyridine; (b) p-TsOH, MeOH, CHCl;,
98%:; (c) K,CO3, DME, alkyl halide, 14—48%

From a random reaction of tetracthynylethene mono-
and dimers 60 under Hay conditions, Diederich obtained
the 20—30-membered radialenes 23a—23h in yields of
2—56% (Scheme 19; smaller cycles were also obtained).[*8
Some insight into the mechanisms of n-electron delocaliz-
ation in these chromophores was gained from UV/Vis spec-
troscopy. The cross-conjugation in the expanded radialenes
becomes increasingly more efficient with increasing donor-
acceptor polarization.

As in Section 3a, a number of cycles with heteroaromatic
units have also been reported here. Tobe synthesized the
28- and 42-membered heterocycles 15b and 15d from single
precursors (Scheme 16).[41 In an early step of the sequence,
a symmetrical acetylenic building block was converted into
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58 n X R
a 0 CH tBu
b 1 CH Bu
c 1 N CO,CgHyy
d 2 N CO,CgHy7

58a aorb
s8h c 15a + 15¢

58¢ ———» 15b

58d % 15d
Scheme 16. (a) as in (d), 25% (15a)/13% (15e); (b) CuCl, Cu(OAc),,

pyridine, 15% (15a)/18% (15e); (c) Cu(OAc),, pyridine/benzene,
73% (15a)/12% (15e); (d) Cu(OAc),, CuCl, pyridine, benzene

Il

16a,17a: X =H
16b, 17b: X = C1

Scheme 17. (a) Cu(OAc),, pyridine, MeOH, THF; (b) Cu(OAc),,
pyridine; (c) hv, [Dg]THF, 18%; * = mixture of diastereomers

the required unsymmetrical one by a statistical deprotec-
tion. Tykwinski synthesized the extended radialenes 24a—c
by a Hay-type coupling of 3,5-disubstituted pyridyl units
(Scheme 20).4°1 Compound 24a was obtained in 52% yield,
while the amount of 24b prepared was too small to be puri-
fied sufficiently. Compound 24c was scarcely soluble, and
its purification after complexation with porphyrin lowered
the overall yield for both steps to 39%. We obtained the 50-
membered cycle 13b, with two tpy units, from a modified
oxidative coupling under Pd>" catalysis conditions
(Scheme 12).181 The low yield of 8% may be partially due
to losses during purification, as the cycle is poorly soluble.
Lees prepared the 34-membered phenylacetylene 10b, with
two exocyclic pyridine units (Scheme 9).34 Biuerle ob-
tained a set of 39-, 52-, 57-, and 76-membered thiophene-
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2y 21ar—3 e 2 e 22

Scheme 18. (a) Cu(OAc),, CuCl, pyridine; (b) (i) HCI, THF, (i)
tBuMe,SiOTT, Et;N, 68%; (c) hv CH,Cl,, 100%; (d) (1) 1 N HCl,
THE, (ii)) CF3SOsSiMe,Bu, Eth 69%; (e) hv, benzene, 100%; * =
mixture of diastereomers

60a: n=0

23a - 23c

60b: n=1 23a+23¢

60c:n=0 ——» 23d+23e

60d: n=1 —» 23f-23h
R] RZ
60a+b H N(C]2H25)2
60c H O(CH2)1 1 O(p-C6H4)2CN
60d tBu H

Scheme 19. (a) CuCl, TMEDA, O,, CH,Cl,, 10% (23a), 2% (23b),
trace (23c¢); (b) as in (a), 11% (23a), 3% (23c¢); (c) Cu(OAc),, O,,
pyridine/benzene, 56% (23d), 4% (23e); (d) as in (a), 9% (23f), 13%
(23g), 9% (23h)
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derived macrocycles 25a—d (Scheme 21).5-321 Ethynyl-
functionalized ter- and quinquethiophenes 61a and 61b
were treated under Breslow conditions in a random cycliza-
tion, after different coupling conditions had been tested.
From the product mixtures, which contained cyclic struc-
tures from dimer up to heptamer (Maldi-Tof MS), tri- and
tetrameric macrocycles 25a—d were isolated. The butadiyne
units were transformed into thiophenes by treatment with
sodium sulfide, in yields of 23% and 27% for 25a and 25b,
and 7% for 25¢, with its four butadiyne units. Similarly,
Tobe obtained the 24-membered mixed thiophene—arene
macrocycle 27 from 15a.[4%

a:R=CH;
b: R,R = adamantylidene
¢ R= C6H5

Scheme 20. (a) CuCl, TMEDA, O,, CH,Cl,

6la:n=1
6lb:n=2

Scheme 21. (a) CuCl, CuCl,, pyridine; (b) Na,S-:9H,0, 2-methoxy-
ethanol, p-xylene, 7—27%

3.2.d. Porphyrin-Containing Macrocycles!??2~72dl

Two new hexameric porphyrin macrocycles have been re-
ported recently. Lindsey examined the Sonogashira coup-
ling of bis(p-ethynylphenyl)-derived porphyrin 63 and
bis(m-iodophenyl)-derived porphyrin 64 under templating
conditions (Scheme 22).54351 In the presence of the rigid
tridentate templates 62a or 62b, one of these precursors was
used in the metal-free state, while the other was complexed
with Zn or Mg and therefore susceptible for the template.
The best results were found for treatment of metal-com-
plexed 63b and 63c with metal-free 64a in the presence of
terdentate pyridine template 62a. The use of Zn-complexed
63b seemed somewhat superior to that of Mg-complexed
63c, as the purification of the resulting macrocycle was
much more difficult in the latter case. The 108-membered
Zn-complexed 28b was obtained in 5.5% isolated yield from
a cyclization involving six coupling steps. A similar ap-
proach afforded macrocycles 28¢ and 28d, with different
complexation patterns. Another hexameric porphyrin mac-
rocycle has been reported by Gossauer (Scheme 23).156-37]
From the impressive precursor 65, macrocycle 29 was ob-
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tained in yields of 8 —30%. This, with its 144 ring members,
is the largest shape-persistent macrocycle so far reported.

63
63b+6da —» 282 —>» 28D
X R MM
62a N - -
62b C-CN - -
63a/64a - mesityl HH
63b/64b - mesityl  Zn
63c/64c - mesityl Mg
Scheme 22. (a) 62a, Pd,(dba);, AsPh;, toluene/Et;N; (b)

Zn(OAc),2H,>0, methanol, 94%

3.2.e. Miscellaneous Cycles

Tilley et al. extended their set of macrocycles from zir-
conocene coupling with a variety of representatives
(30—36).15873-981 A5 mentioned above, this method allows
cycle formation in very high yields and large quantities. It
runs under thermodynamic equilibrium conditions, re-
sulting in almost exclusive formation of those cycles in
which geometric factors both of starting building block and
of relevant intermediates are ideal. For targets that deviate
from this ideal situation, “tricks” have to be employed, the
building block’s geometry being temporarily altered. Ex-
amples 35 and 36 may suffice to illustrate the method
(Scheme 24). Whereas the starting material 66, together
with 1 equiv. of zirconocene 67, furnishes the expected tri-
meric cycle 36a, dimeric cycle 35, despite its unfavorable
geometry, can nevertheless be obtained by employment of
2 equiv. of zirconocene in the same reaction. The second
equivalent coordinates to the bpy unit of 66, causing it to
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kink and directing the cyclization towards 35. The macro-
cycles can be demetallated by treatment with benzoic acid.
Bunz reported random macrocyclization through alkyne
metathesis®!  of the symmetrical monomer 68
(Scheme 25).127-28:1001 The 30-membered cyclic hexamers
S5c—f were isolated from the raw mixture in yields of
0.5—6%. Finally, Oda reported the synthesis of 30-mem-
bered phenylacetylene macrocycles 5g and 5h by a strategy
in which the aldehyde-functionalized precursors 69 or 70
were cyclized to provide 39a and 39b by means of a twofold
McMurry-type coupling reaction (Scheme 26).12%1°11 A sub-
sequent bromination/dehydrobromination sequence con-
verted the double bonds into the triple bonds of 5g and 5h.

3.3. Conclusions

From the above discussion it has become obvious that
the field is dominated by Sonogashira coupling between
aryl iodides and terminal acetylenes and Glaser-type coup-
lings (and their modifications) between terminal acetylenes.
This is probably due to their high tolerance of functional
groups, the generally high yields, and the fact that elabor-
ated methods for the synthesis of the corresponding pre-
cursors are available. Examples of direct aryl—aryl coup-
lings, despite the method’s high potential, are rare, and
metal-mediated coupling methods such as the Stevens-Cas-
tro coupling or oxidative couplings of aryllithium com-
pounds reported earlier'°19-1921 have been totally pushed
aside by Pd-catalyzed and oxidative acetylene—acetylene
coupling reactions. Whether alkyne metathesis will make its
way in cycle synthesis remains to be seen; one problem
could be the sensitivity of the catalysts used towards com-
ponents such as pyridines.

There is only some scattered information on the influence
of reaction conditions on cyclization efficiency and this is
certainly not a comprehensive picture of this important
matter. Many works do not even seem to report fully optim-
ized procedures. Additionally, no study attempting to ex-
plain the influence of reaction conditions for different struc-
tural motifs in macrocyclization is available. This would be
a complicated matter anyway, because of the general diffi-
culty in correlating reaction courses with particular struc-
tural fragments, especially if they are remote from the cen-
ters of reaction. One study that looked a little more closely
at coupling conditions found evidence for an influence of
the side groups on yields in an Eglinton—Glaser coupling
(for cycles of type 14).[°31 It is postulated that THP pro-
tecting groups near the reaction center have a detrimental
effect, and this is explained by the copper catalyst’s re-
stricted mobility and lower probability of reacting intramo-
lecularly by complexation with THP.

The template approach to macrocycles looks very attract-
ive at first glance and is undoubtedly very elegant. Even
though templates have been shown either to shorten the
synthetic route to the precursors significantly or to increase
the cyclization yield drastically, they have not yet found
wide application. Reasons for this are surely the large de-
mand in the structural and functional design of the tem-
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Scheme 23. (a) Pd(PPhs),, DMF/Et;N; (b) TFA, CHCl,, 76%
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Scheme 24. (a) benzene, (i) sonication (ii) 40 °C; (b) benzoic acid,

benzene, 88%
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68f Bu CHj

Scheme 25. (a) Mo(CO)g, 4-chlorophenol, 1,2-dichlorobenzene

plate and the additional synthetic steps required for the
templates themselves and — regarding covalently bound
ones — for attaching the cycle precursors to them. More-
over, the strategy for synthesis of some cycles would have
to be greatly altered in order for the template approach to
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29a-d
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Scheme 26. (a) TiCly/Zn/Cul, DME/Tol (5:1), then reflux; (b)
TiCly/Zn/Cul, THF/Tol (5:1), then reflux; (c) (i) Bry (9 equiv.),
CHCl; (1) 1BuOK (15equiv.), ether, 52%; (d) as in (c), 69%

be applied. Specifically, though, when large quantities are
concerned, the template approach can play its full role and
changes in strategy may become worthwhile.

One-pot random oligomerization-cyclization from short
precursors is not a recommendable method for the con-
struction of large macrocycles, as is shown by the few ex-
amples given here. On the other hand, most research groups
have avoided the other extreme, the use of single extended
precursors for high-yield cyclization in one coupling step.
Their preparation is not only time-consuming, but in some
cases even synthetically difficult. A prominent case here are
building blocks with tpy units. These are normally obtained
in a symmetrically functionalized form, which, in order to
obtain one direct cycle precursor, has at some stage to be
transformed into an unsymmetrical one. As a consequence,
cycles are often closed from two to three precursors.
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4. Properties

The molecular structures of shape-persistent macrocycles
(Figure 1) is an interesting matter, concerning geometry,
bonding, strain, and dynamic aspects. Several attempts to
elucidate structural aspects on a molecular level have been
undertaken, although there are still many open questions.
A driving force for this was to gain an improved under-
standing of the macrocycles’ aggregation behaviour both in
the solid state and in solution, as well as adsorption behavi-
our on solid surfaces. The methods applied so far are mo-
lecular dynamics simulations in vacuo and single-crystal X-
ray diffraction. The former approach provides information
about individual molecules’ properties and models, and to
some extent their behaviour in solution under conditions
(AG™ixing = (), whereas the latter technique furnishes the
packing. Most of the work has been carried out with cycles
that, by their geometry, can attain a planar state. This may
be due to the expected higher conformational flexibility for
some of those for which a flattening out is only possible at
a high energy cost.['3 Because of the complexity of this
matter it is not yet possible to predict, for example, the
packing behaviour of a given macrocycle.

4.1 On the Molecular Structure and the Structure in the
Crystal

Most of the cycles in Table 1 have hexagonal or near-
hexagonal geometry. Their intrinsic rigidity (shape persist-
ency) allows them to have an interior, separated from an
exterior even when no cooperative or adsorption forces (be-
tween two cycles or between a cycle and a solid surface) are
operative. From simple geometric considerations one would
expect them to be basically planar on a time average, which
does not, of course, rule out the attainment of various con-
formations (i.e., the boat and chair conformations as in
cyclohexane) or different rotameric states in certain frame
components (i.e., sides). Some of the remaining cycles, be-
cause of the chemistry of their frame, are definitely non-
planar through geometric constraints (i.e., 15e¢). MD simu-
lations are available for cycles 14, 15¢, 15e, and 22, together
with single-crystal structures of 2, 5S¢, 5h, 11a—c¢, 12a—c,
14f, 20, 23g, 24a+c (as a complex), 25a, 25b, 30, 32a, 32b,
33a, 34a, 35, and 36a.

At first glance, one would predict hexagonal cycles to be
planar on the time average. Simulations on the framework
of 14, however, show energy minima for two nonplanar
conformations, described in terms of ‘“boat-like” and
“chair-like”.[3] Large deviations from planarity have also
occasionally been observed in the single-crystal state (vide
infra). In contrast, simulations on 15¢ revealed a planar
conformation, as is also found for most of the cycles in
the crystal state (vide infra).[*l The factors causing some
hexagonal cycles (and others of comparable size and consti-
tution) to prefer a kinked conformation in vacuo are not
yet understood. Simulations on macrocycle 15e confirmed
its expected nonplanar conformation.[4+104

The determination of crystal structures of shape-persist-
ent macrocycles is hampered by many factors. The other-

Eur. J. Org. Chem. 2002, 3075—3098

wise hollow, noncollapsible interior of cycles is filled with
solvent molecules (up to approximately 50 weight-%!), the
loss of which upon evaporation causes the lattice to break
down. All the larger macrocycles reported here were there-
fore examined at low temperature, and special precautions
were taken in order to prevent any loss of internal solvent.
Further problems arise from the fact that the flexible side
chains and solvent molecules are often disordered and, in
the extreme case, even liquid-like. The R values are there-
fore often high. To collect the best possible scattering data
up to high resolution, area detectors were used in order to
decrease the otherwise very long collection times.['0%

Moore showed in 1994 that a hexakis(alkynylphenol)
macrocycle formed a layered structure in the crystal, with
extended channels 9 A in diameter running through the
crystal.l'%l! An important motif in each sheet of nearly
planar cycles is optimized hydrogen bonding between adja-
cent OH groups. The layers stack in ABC sequence, so that
the rings above one another are slightly laterally offset. This
was attributed to minimization of m-m electron repulsion
and maximization of interaction of the positively charged
hydrogen atoms of one ring with the negatively charged -
electrons of the adjacent one.

The offset of planar rings in layered sheets against one
another is a common feature and has also been observed
for the packing of bipyridine-containing macrocycles
11a—11c and the terpyridine cycles 12a+b (Fig-
ure 2).[33:36:381 Differently layered structures have been ob-
served for different side group patterns. The cavities have
diameters of approx. 1.0 X 1.7 nm and 1.2 X 1.9 nm for 11
and 12, respectively, and are filled with solvent molecules
and the side chains of adjacent cycles. Alkynylthiophenes
25a and 25b show similar structures, the inner diameter of
25b being approximately 1.9 nm.5133 The packing of the
nearly planar cycle 20 was not described.[4¢]

Figure 2. Space-filling model of the packing (SCHAKAL99!*7) of
12¢; solvent molecules and side chains are omitted to clarify the
layered structure; three cycles are shown for each layer, laterally
offset in both layer directions!**!

The only recent example of a planar cycle stacked in col-
umns (with channels of about 0.5 X 0.8 nm) in a her-
ringbone type is hexakis(phenylacetylene) Sc.

There are several recent examples of shape-persistent
macrocycles showing distortions from planarity in the
single-crystal state. The 30-membered radialene 23g has a
chair-like conformation.*¥! The largest shape-persistent
macrocycle examined so far by X-ray, compound 2, adopts
a “garden chair”” conformation, but nevertheless forms end-
less tubes of approximately 28 A diameter (Figure 3).[>%
The pores are filled with crystallographically unresolvable
liquid solvent. The reasons for the deviation from planarity
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are not yet understood. In compound 12b, which differs
from 12a and 12¢ only in its side group pattern, the ring is
also distorted from the planar conformation and fills the
inner lumen with its own side groups.[**! Even small differ-
ences in the side group pattern can have large effects on the
packing behaviour. This point is nicely illustrated by the
comparison of cycles 12a and 12¢, the former of which be-
ars five hexoxy groups, whereas the latter has a hexoxy
group and four hexoxymethyl groups at the same positions.
These four additional methylene groups in 12¢ give rise to
an interlocked packing in which three of the side groups
penetrate the interiors of the cycles of the next and the next
plus one layer (Figure4), whereas in 12a the somewhat
shorter chains remain more or less in the respective cycle’s
layers. As “compensation”, the interior of 12a is therefore
much more densely filled with solvent molecules.

R £ ; \
NN A
SR e
x W

335

> (03

Figure 3. (a) Side view of 2 with solvate molecules and hexyl chains
omitted for clarity; thermal displacement ellipsoids are drawn at
the 50% level; (b) view along the crystallographic ¢ axis showing
the crystal packing of 2; the Figure does not show the alternative
sites of the disordered side chains!>?

Distortion was also observed for cycle 14j, with long al-
kyl side chains;*? here, the side groups are orientated in
endocyclic fashion. Their packing is in good accordance
with that of polyethylene, which demonstrates that they are
able to adopt a low-energy packing regardless of their con-
nection to the macrocycle.
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Figure 4. Space-filling model (SCHAKAL99!97)) of 12¢; solvent
molecules are omitted for clarity; different colours distinguish mo-
lecules in three consecutive layers!38]

A major goal will be to use the channels in these crystals
for transport processes, and, thus, to design the channels’
interiors appropriately. This would require a packing in
which cycles were positioned directly one over one another
with the substituents pointing in endocyclic fashion. For an
example in which such an aggregation motif has been found
in solution, see Section 4.4. An interesting experiment in
this context was performed with 14f, which carries a set of
endo- and exocyclically switchable polar and nonpolar side
chains. Depending on the polarity of the solvate (THF and
pyridine), 14f crystallizes in two different forms, one in
which the channels are packed with side chains and one
where they are filled with solvent molecules.[ !

4.2. Behaviour at Interfaces

Despite the earlier work by Moore on the air/water inter-
face (see below), investigations into the behaviour of macro-
cycles adsorbed on solid surfaces have only recently begun
with significant intensity. At present, interest is directed to-
wards development of understanding of the dynamic and
static problems associated with the formation of two-di-
mensional crystals of these large and well-defined molec-
ules. The conditions and the concrete structure and substi-
tution patterns with which stable regular arrays can be ob-
tained and possibly engineered are not yet understood. This
aspect relates to the wide area of epitaxial growth, with all
its implications for materials sciences. The method of choice
for these investigations is the scanning tunneling micro-
scope (STM),[1%8 normally applied to solutions of cycles on
highly oriented pyrolytic graphite (HOPG). Once this mat-
ter has been further resolved, the next goal would be to try
to generate not only large monolayers but also small, nano-
sized domains, and to induce controlled chemical reactions
between individual adsorbed macrocycles, possibly with the
aid of the STM or the scanning force microscope
(SFM).['%1 Rather more speculative would be to use ex-
tended or small two-dimensional crystals for patterning
purposes, through placement of, for example, metal colloids
into the interior of adsorbed cycles. In particular, macro-
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cycles containing donor moieties such as thiophene or pyr-
idine may serve this purpose.

To the best of our knowledge, STM images exist for large
monolayers of cycles 11a,[''%1 11b,111%1 12b, 14d, 14e, 25a—d,
and 26a—c. Attempts to generate and investigate nano-
sized individual domains have not yet been reported, pre-
sumably because of complications with lateral diffusion.
Whereas molecularly resolved images are available for all
the other listed cycles, cycle 12b forms only very short-lived
ordered assemblies, for which no high-resolution image has

yet been achieved; a structural assignment was nevertheless
possible.>3 This was provisionally interpreted in terms of a
low tendency of terpyridine units to adsorb on graphite. In
agreement with this is the failure to find any ordered arrays
of cycles 13b and 13c, despite numerous attempts. Figure 5
shows a selection of STM micrographs of cycles 11a, 11b,
14d, and 26a and their respective packing models.

As mentioned above, a different approach towards two-
dimensional structures had been reported by Moore, who
examined films of phenylacetylene macrocycles of type 5

2.35nm

© 244 nm

Figure 5. STM height images of monolayers of macrocycles 26a (a), 14d (b), 11b (¢), and 11a (d) on HOPG with the respective structural
models; see original references for details of distances, angles, commensurability with the surface, etc.[>1-3°-110]

Eur. J. Org. Chem. 2002, 3075—3098
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and their larger analogues at the air/water interface. A per-
pendicular (“edge-on”) orientation rather than a planar
(“side-on”) was observed in most cases.['!!-112]

4.4 Lyotropic Behaviour

In general, the aggregation behaviour of macrocycles in
solution depends on a number of factors, and the energies
involved in each case are small. This renders the investi-
gations rather complex and not all findings can be fully
explained. The key method is NMR titration. Moore has
pioneered the elucidation of the aggregation behaviour of
shape-persistent macrocycles, his workhorse the phenylacet-
ylene cycles of type 5.[26:1041131 The findings are an import-
ant basis for subsequent work by many authors. Since
Hoger’s review does not cover this aspect,?°?l some main
findings by Moore are listed below, supplemented when ap-
propriate by more recent results.

— First of all, aggregation at lower concentrations mainly
produces dimers. This is in agreement with VPO measure-
ments.['!¥ The cycles are arranged face-to-face with max-
imum 7©-1 stacking and minimization of quadrupole-quad-
rupole interaction.[194115]

— It is also solvent-dependent.[*®l No aggregation in ben-
zene, which is known to reduce m-stacking interactions sig-
nificantly by effectively solvating the solute, was observed
for a variety of cycles of type 5.1 With cycles 14, which
are soluble in THF and aromatic or chlorinated solvents,
Hoger has recently induced aggregation by addition of a
solvent (hexane in this case) able to solubilize the peripheral
alkyl side chains and act as a nonsolvent for the molecules’
rigid cores.3!

— Aggregation is dependent on the functionalities; endo-
cyclic chains or bulky groups seem to prevent aggrega-
tion.[m“’”(’]

— It seems to be favored by acceptor groups on the
cycles, though the electronic effect cannot be differentiated
from steric factors that automatically also come into
play,[26:43.94.104)

— It is weaker or not observed when the geometry of the
cycles is nonplanar due to geometric strain, as revealed by
comparison of molecular modeling and dissociation con-
stants.[43:104]

— Aggregation into dimers can be strongly enhanced,
even in benzene, for cycles 6, with chiral helicene groups.
This phenomenon depends on stereochemical purity.!

— Furthermore, aggregation into heterodimers can be
achieved. Whereas macrocycles of the 15a type, with endo-
cyclic CN groups and exocyclic ester groups, do not aggreg-
ate with themselves, they form heterodimers with their
counterparts without cyano groups.®> This was explained
by electrostatic repulsion of the nitrogen atoms (see also
10aP4). It was further deduced that even heterooligomers
can form. Analogous findings were made for the pyridine
derivatives 15b and 15d,1*4! which could indicate one way to
self-assemble cycles into larger cylindrical arrays.

The most impressive result in this field is the aggregation
of cycle 14h, which, with its polymeric side chains, can be
described as a coil-cycle-coil block-copolymer.*!! Its in-
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duced aggregation is based on an effect similar to that de-
scribed above for 14c—e,[*?! a solvent that dissolves the
polymeric chain, but not the cycle. It is reasonable to as-
sume that the cycles are stacked one on top of the other
in a “hollow” cylinder (Figure 6). Dynamic light-scattering
experiments gave values of 250—1300 nm for the length of
the hollow cylinders, with a persistence length of approxim-
ately 100 nm. This indicates considerable rigidity in this
self-assembled object. Further evidence of these assemblies
has been provided by transmission electron micrographs
and SFM images.
5

q-@
A
i ) cyclohexane
% B
# -
L toluene
& i

Figure 6. Aggregation of cycle 14h (orange) with its polystyrene
substituents (blue) into cylindrical stacks; the graphical representa-
tion does not reflect the true scale

4.5 Host-Guest Interaction/Metal Complexation

The unique geometries of shape-persistent macrocycles,
defining cavities in their interiors, make them appropriate
for study of host-guest interactions. In practically all cases,
guests are held in the interior by anchor sites, which can
either be functional groups or nitrogen donors of heteroar-
omatic species integrated into the cycles’ frameworks (such
as bpy and tpy). A variety of studies is available for macro-
cycles with porphyrin moieties. Here, the axial coordination
sites of porphyrinmetal (mostly zinc) complexes is used to
bind guests such as pyridine derivatives. On the basis of
Sanders’ early fundamental work,[722=72d.117=119] 1 jndsey
described the use of guest molecules as templates for the
directed synthesis of 28 (see above),?*3%12%1 and Gossauer
their self-association with cycles 29.5%37) The binding con-
stants in the latter case are as high as K = 1.1 X 10'° to
1.4 X 10° m~'. A further goal in this research is the devel-
opment of cyclic porphyrin-based catalysts capable of bind-
ing the reactants within their cavity so that they are appro-
priately orientated towards each other in the reaction event.
In an earlier work on this topic, both thermodynamic and
kinetic control of an exo-selective Diels—Alder reaction was
described.">!1' A recent study has investigated the binding
between similar Diels—Alder precursors and porphyrin
macrocycles in somewhat greater detail.['??]

The potential of donor-substituted macrocycles to bind
metal ions, or even clusters, in their interiors, combined
with their previously mentioned tendency to aggregate in a
columnar fashion, opens the thrilling perspective of ad-
vancement towards conducting metal wires, the diameters
and lengths of which would be dictated by the confined
geometry determined by the macrocycles’ structures and ar-
rays.l'?3l Such a goal would require an endocyclic metal
complexation. Few results are available either for the endo-
or the exocyclical cases. Exocyclical coordination was
achieved with the pyridine-containing macrocycles 10 and
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24.[3%49.50] These were described as extended, rigid 4,4’-bi-
pyridine scaffolds complexed with porphyrinrhenium and -
ruthenium compounds. The orientations of the metal-con-
taining bpy moieties of doubly Ru'-complexed macrocycle
11 could not be determined with certainty.*®! On steric
grounds, however, it is reasonable to assume that exocyclical
complexation also takes place in this case. There are a num-
ber of available cycles in which heteroaromatic com-
plexation sites are pointing inwards. For the tpy-substituted
macrocycles 13, complexation studies aiming at endocyclic
products are currently underway.['>*! Further binding stud-
ies are available for cycles 5S¢, 5g, Sh, and 15.[2729:43.44.95.125]

5. Summary and Outlook

After a considerable international effort, with major con-
tributions by Moore, Hoger, and Tobe, many nano-sized,
shape-persistent cycles are now available. A couple of them
have even been made available on a practical scale, which
not only has to be considered a major achievement for syn-
thesis but also lays the foundation for an in-depth investi-
gation of their properties. The fact that these macromolec-
ules have well-defined and huge interiors, which remain ba-
sically unchanged regardless of the environment, has al-
ready stimulated, and should further nourish, research in
such fields as transport, catalysis, and the so-called bottom-
up approach to the nanosciences. This, however, is not to
say that the story of how to synthesize nano-sized macro-
cycles has been completely solved. This article itself raises
a number of still open questions, dealing mainly with the
lack of systematic comparisons of reaction conditions,
structural factors, and incomplete characterization. It also
makes it apparent that easy accessibility on the gram scale
is still a distant goal. Tilley’s work impressively shows, how-
ever, that this critical matter can be dealt with. Though his
route is restricted to certain cases, it should be the incentive
for many groups to improve their syntheses and develop
alternative strategies, which in the end should be very fruit-
ful for the entire area. The main paths into it, nevertheless,
have been paved and within a timespan of another five ye-
ars or so, the property side should also have been developed
to ripeness along the lines indicated.
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