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The synthesis of unsymmetrical axle [2]rotaxanes through a recently developed Ni-catalyzed C(sp®)-C(sp®)
cross-coupling of redox-active esters (formed directly from carboxylic acids) and organozinc reagents
(derived from alkyl bromides) is reported. The method also furnishes, as a minor product, the
symmetrical axle [2]rotaxanes resulting from the homo-coupling of the organozinc half-thread. The
rotaxanes are formed in up to 56% yield with the ratio of unsymmetrical rotaxane increasing with the
cavity size of the macrocycle. In the absence of the redox-active ester neither rotaxane is formed, even
though the homo-coupling rotaxane product does not incorporate the redox-active ester building block.
A Ni(n) intermediate is consistent with these observations, providing support for the previously
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rsc.li/chemical-science postulated mechanism of the Ni-catalyzed cross-coupling reaction.

Introduction

Active template synthesis* exploits coupling reactions (typically
metal-promoted but recently expanded to include metal-free
systems?) that are accelerated through a macrocycle or loop to
afford a mechanically interlocked product (rotaxane,** cate-
nane® or knot’). The strategy has several key differences to
traditional ‘passive template’ interlocked molecule synthesis,?
including avoiding the need for intercomponent recognition
motifs that persist in the threaded product.” Most active
template reactions still result in new functional groups in the
rotaxane axle (e.g. the CuAAC cycloaddition, the most widely
employed active template reaction,® which produces a triazole
ring), but the Ni-catalyzed C(sp®)-C(sp®) homo-coupling of alkyl
bromides,” where the connection between the thread building
blocks results in a C-C bond within an alkyl chain,* does not.
This type of rotaxane is sometimes referred to as an ‘impos-
sible’*® (or ‘improbable’™!) rotaxane, as the axle in the final
product does not contain an obvious template nor a retro-
synthetic disconnection that seemed feasible prior to the
development of traceless rotaxane synthetic strategies.>**
Aside from the conceptual interest in constructing struc-
tural- and functional-group-minimalist interlocked systems,
rotaxane assembly through simple C-C bond-forming reactions
allows for molecular designs free of groups that are superfluous
to the function of the final structure.>'® However, the homo-
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coupling of the original active template Ni-catalyzed reaction
restricts its use to the synthesis of rotaxanes with symmetric
axles.” In recent years homogeneous nickel catalysis has expe-
rienced considerable progress,” particularly with respect to
alkyl-alkyl cross-coupling methods.” In 2016, Baran and co-
workers reported a Ni-catalyzed C(sp>)-C(sp®) decarboxylative
cross-coupling between activated carboxylic acids, in the form
of redox-active esters, and arylzinc reagents derived from aryl
bromides."* The versatility of this strategy rapidly led to the
development of a range of different coupling transformations,**
including a C(sp®)-C(sp®) version using redox-active esters and
alkylzinc species.*” Given its general applicability and useful-
ness in molecular construction, we explored the reaction's
utility for active template rotaxane synthesis.

Results and discussion

Developing active template synthesis from a transition metal
catalyzed reaction is far from straightforward:* first, the metal
has to stay coordinated to the macrocycle at—and between—
crucial stages of the mechanism (during which the oxidation
state of the ion may change several times) in order for axle
formation to be directed through the cavity. Second, the mac-
rocycle design must ensure that the metal coordinates endo-,
not exo-, to the cavity and that the axle building blocks bind
through opposite faces of the ring in order that their coupling
leads to rotaxane formation. Finally, the conformation of the
macrocycle needs to be such that the coordinated coupling
reaction is favoured through the cavity rather than the generally
less sterically demanding route to the side.
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Scheme 1 Synthesis of [2]rotaxanes by active template Ni-promoted
coupling of a redox-active ester (2) and organozinc reagent (3).
Reagents and conditions: (i) 2 (1.0 or 5.0 equiv.), 3 (2.0 or 10.0 equiv.;
obtained from the corresponding alkyl bromide), 1a or 1b (1.0 equiv.),
NiCl,-glyme (50 mol%), THF/DMF, r.t., 18 h. TIPS = triisopropylsilyl.

The Ni-catalyzed C(sp®)-C(sp’) decarboxylative cross-
coupling is reported to work well with either 2,2'-bipyiridine
or 4,4'-di-tert-butyl-2,2'-bipyridine ligands,'*” but it was unclear
whether a 6,6'-substitution pattern, which could direct a coor-
dinated Ni-center towards the cavity of macrocycle 1a, would be
tolerated by the reaction. We were pleased to find that cross-
coupling of redox-active ester 2 and organozinc compound 3
(obtained from the corresponding alkyl bromide via the
Grignard reagent, see ESI{) using macrocycle 1a as a ligand
afforded unsymmetrical axle rotaxane 4a in an initial 16% yield
(Scheme 1 and Table 1, entry 1). In addition to 4a, the
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Fig. 1 ‘H NMR spectra (600 MHz, CDCls, 298 K) of (a) unsymmetrical
thread 6, (b) rotaxane 4a, (c) macrocycle 1a, (d) rotaxane 5a, and (e)
symmetrical thread 7. Assignments correspond to the labelling shown
in Scheme 1.

symmetric [2]rotaxane, 5a, which must arise through homo-
coupling of the alkylzinc reagent 3, was formed in 9% yield
alongside non-interlocked threads 6 and 7. When the reaction
was carried out using a macrocycle with a slightly larger cavity,
1b, the same level of conversion to rotaxane species was ob-
tained but with an increase in the amount of cross-coupling
rotaxane 4b (20%) relative to the homo-coupling product 5b
(5%, Table 1, entry 2). Upon increasing the ratio of the axle
building blocks to macrocycle, the amount of interlocked
products increased (39%, Table 1, entry 3). While the small
cavity macrocycle 1a gave the rotaxanes in a close-to-1 : 1 ratio
(4a 19% and 5a 20%, Table 1, entry 3), the use of the larger
macrocycle (1b) resulted in a 56% conversion with roughly 2 : 1
ratio in favour of the unsymmetrical rotaxane (4b 38% and 5b
18%, Table 1, entry 4). The reaction could be scaled up five-fold
without affecting the level of conversion (0.25 mmol scale, 4b
33% and 5b 13%, Table 1, entry 5). Changing the amount of
catalyst correlated linearly with the formation of the free axle, 6.
However there was no significant impact on rotaxane forma-
tion; doubling the loading of NiCl,-glyme to 100 mol% resulted
in 46% conversion (4b 35% and 5b 11%, Table 1, entry 6), while
reducing it to 25 mol% led to 39% conversion (4b 21% and 5b
18%, Table 1, entry 7).

Table 1 Active template rotaxane formation under different reaction conditions®

Entry Macrocycle Equiv. 2 Equiv. 3 Rotaxane yield [%] (4a : 5a)° Rotaxane yield [%] (4b : 5b)”
1 1a 1.0 2.0 25 (16 : 9) —

2 1b 1.0 2.0 — 25 (4:1)

3 1a 5.0 10.0 39 (19 : 20) —

4 1b 5.0 10.0 — 56 (19: 9)

5¢ 1b 5.0 10.0 — 46 (33 : 13)¢

6° 1b 5.0 10.0 — 46 (35: 11)

7 1b 5.0 10.0 — 39(7:6)

8 la 0.0 10.0 0 —

9 1b 0.0 10.0 — 0

“ Unless otherwise stated, 0.05 mmol (1.0 equiv.) of 1a or 1b and 0.025 mmol NiCl, -glyme (50 mol%) were used.  Ratios based on the integration of
rotaxane and macrocycle "H NMR signals. ¢ Reaction performed at a 0.25 mmol scale with respect to 1b (1.0 equiv.). 4 Isolated yield and ratios.

¢ 100 mol% of NiCl,-glyme.” 25 mol% of NiCl,-glyme.
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We repeated similar reactions in the absence of redox-active
ester 2 with the intention of obtaining exclusively the symmetric
rotaxanes 5a/b, however, only the homo-coupling free thread 7
was formed under such conditions, with no interlocked species
observed (Table 1, entries 8 and 9). To our initial surprise, the
presence of the redox-active ester 2 appears to be essential not
only for the formation of the cross-coupling rotaxanes 4a/b, but
also for the homo-coupling of half-thread 3 to take place
through the cavity of the macrocycle.

The interlocked structure of rotaxanes 4a and 5a was
confirmed by mass spectrometry and comparison of the 'H
NMR spectra with those of the non-interlocked macrocycle 1a
and threads 6 and 7 (Fig. 1). In the rotaxanes the signals from
the aliphatic chain in the axle are shifted upfield due to the
shielding effect of the aromatic rings of the macrocycle (Fig. 1b
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Scheme 2 Proposed mechanistic cycle for the active template
synthesis of rotaxanes through the Ni-promoted coupling of redox-
active ester (2) and organozinc reagent (3). The key intermediate Ni(in)
D leads to non-interlocked thread 6 if the reductive elimination occurs
outside the macrocycle cavity or to rotaxane 4a/b if it takes place
through the cavity. Alternatively, intermediate D could undergo
another transmetalation event to form complex E from which either
rotaxane 4a/b or 5a/b and non-interlocked thread 6 or 7 is obtained.
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and d). The effect is less pronounced for resonances closer to
the bulky stopper groups as the macrocycle's access to this
region is sterically restricted. The two faces of the macrocycle
experience different chemical environments in rotaxane 4a
because of the unsymmetrical axle, resulting in Hg, Hy and H;
appearing as diastereotopic signals (Fig. 1b). In contrast, the
faces of the macrocycle in symmetrical rotaxane 5a are equiva-
lent (Fig. 1d).

The catalytic cycle likely commences™” by transmetallation
of the alkylzinc unit 3 with a slowly formed Ni(1) complex A to
form intermediate B (Scheme 2). Single electron transfer (SET)
from the Ni centre to the phthalimide group of the redox-active
ester followed by decarboxylation forms a primary alkyl radical
and cationic intermediate C that after radical recombination
generates Ni(m) intermediate D. This species can undergo
reductive elimination® to afford the non-interlocked thread 6,
in turn regenerating the Ni(1) species A. If the reductive elimi-
nation happens through the cavity of the macrocycle, the
intermediate D instead leads to the formation of the cross-
coupling rotaxane 4a/b (path a).

From entries 8 and 9 in Table 1, the redox-active ester is
required for the homo-coupling event to take place through the
cavity of the macrocycle. This can be rationalized by a second
transmetalation event of Ni(m) intermediate D with organozinc
unit 3," which would lead to intermediate E. The arrangement of
the ligands around the Ni centre in E will determine the outcome
of the product after the reductive elimination, forming either the
cross-coupling rotaxane 4a/b and free thread 6 (path b) or the
homo-coupling rotaxane 5a/b and the corresponding non-
interlocked thread 7 (path c). Thus the experimental observa-
tions are consistent with, and supportive of, the original Ni(m)-
intermediate mechanism postulated'*” by Baran and co-workers.

Conclusions

6,6'-Substituted bipyridine macrocycles enable the active
template synthesis of unsymmetrical alkyl chain axle rotaxanes
through the Ni-catalyzed decarboxylative C(sp®)-C(sp?) cross-
coupling of redox-active ester and organozinc building blocks
derived from carboxylic acids and alkyl bromides. Rotaxane
formation, including that of a minor homo-coupling product, is
consistent with—and supportive of—the Ni(u) intermediate
mechanism originally suggested for the coupling reaction. The
combination of coordination assembly and catalysis inherent to
active metal template synthesis is not only a useful tool for
making functional-group-minimalist molecular structures, but
can also provide experimental evidence®® with regards to
reaction mechanism.
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