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Abstract: Structurally diverse macrocycles and medium-sized
rings (9-24 membered scaffolds, 22 examples) can be gener-
ated through a telescoped acylation/ring-expansion sequence,
leading to the insertion of linear fragments into cyclic f3-
ketoesters without performing a discrete macrocyclization step.
The key [3-ketoester motif is regenerated in the ring-expanded
product, meaning that the same sequence of steps can then be
repeated (in theory indefinitely) with other linear fragments,
allowing macrocycles with precise substitution patterns to be
“grown” from smaller rings using the successive ring-expan-
sion (SuRE) method.

I mportant applications in medicinal chemistry,"! catalysis,!
materials science,” chiral sensing,” supramolecular chemis-
try,l’) self-assembly,’® nanotechnology,” and natural product
synthesis®™ rely on the synthesis of functionalized macro-
cycles. At present, macrocycles are typically made by the end-
to-end cyclisation of a linear precursor, a difficult and
unpredictable transformation; in particular, achieving macro-
cyclization (1—2, Figure 1a) rather than dimerization (1—3)
is a major challenge.”’ The most common strategy used to
combat this is to perform the reactions at high-dilution
(typically about 1-5 mm),!” but although successful in many
cases, such procedures are generally highly substrate-depen-
dent and impractical for large-scale synthesis. Other methods
designed to offer “pseudo high-dilution” conditions include
the use of solid supports,'!l biphasic solvent systems,['” and
DNA-templated synthesis.!'®) Alternatively, dilution can be
minimized if the linear precursor is preorganized into
a conformation biased towards macrocyclization; for exam-
ple, using a small molecule/ion template!™* or by exploiting
internal structural elements.”!'”! Each of these macrocycliza-
tion methods have been applied successfully in the past, but
invariably they are optimized for specific substrate classes
and/or utilize specialized reaction setups. Thus, there is a need
for new macrocyclization strategies that are practical,
scalable, and applicable to a broad range of systems.

The methods described above are all designed to improve
the efficiency of the difficult end-to-end cyclisation step.
Herein, a conceptually different approach is taken, in which

[*] C.Kitsiou, J. ). Hindes, P. I'Anson, P. Jackson, T. C. Wilson, E. K. Daly,
H. R. Felstead, P. Hearnshaw, Dr. W. P. Unsworth
University of York
York, YO24 4PP (UK)
E-mail: william.unsworth@york.ac.uk
@ Supporting information and ORCID(s) from the author(s) for this

article are available on the WWW under http://dx.doi.org/10.1002/
anie.201509153.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a) Previous work: End-to-End Macrocyclization

./\/\/\/\/\/\/\/. —_————t
macrocyclization '
l dimerization 2

NN G NN

b) This work: Successwe Rlng Expansnon (SUuRE)
@'—"\y’ )
Lmear
4 Starter unit fragment @

LG Y°H
-—
. coupling/
A . ring expansion
L2 © e

c) Acylatlon/rmg expanslon sequence

( acylatlon O’;g w
EWG

Figure 1. End-to-end macrocyclization and successive ring-expansion
(SuRE) methods.
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end-to-end macrocyclization is avoided entirely. Successive
ring expansion (SuRE; Figure 1b) is based on the sequential
insertion of linear fragments into existing cyclic systems, by
coupling a cyclic compound (starter unit 4) to a linear
fragment 5 which can then rearrange (see 6), initiating ring
expansion and forming the product 7. A key design feature is
the replication of the functionality in the cyclic starter unit in
the ring-expanded product (dashed circle), as this means that
the same coupling/ring-expansion sequence can be repeated,
allowing further iterations to be performed in the same way
(7—9; 9—11). The SuRE method can incorporate a range of
linear fragments and can theoretically be repeated indef-
initely, meaning macrocycles of virtually any ring size and
composition are potentially accessible. As no discrete macro-
cyclization step is involved, the reactions should not require
specialized conditions, preorganization, or high dilution to
proceed effectively. Of course, ring expansion is not a new
concept in itself,”!* but successive ring-expansion processes
are far less common. Existing approaches either rely on
multiple steps to effect each iteration,'” or give rise to less
well-defined mixtures of products through ring-expansion
polymerization."¥! In this paper, the SuRE concept is
validated using a telescoped two-step sequence to generate
macrocyclic lactams and lactones from cyclic f-keto esters
(Figure 1c¢).

Angew. Chem. Int. Ed. 2015, 54, 15794-15798


http://dx.doi.org/10.1002/ange.201509153
http://dx.doi.org/10.1002/anie.201509153
http://dx.doi.org/10.1002/anie.201509153
http://dx.doi.org/10.1002/anie.201509153

0 0
CO,Et )
2= 6l NHFmoc cogt NHFmoc
@ 1% 2 o
MgCl,, Pyridine, CH,Cl, i F(’;'ﬁeg‘,"”e
RT,2h RT 2h
12a 14a '
Q HoN
N Ho) (0)
< o
S G COEt 0
P — CO,Et
80%
17a overall

]

16a 15a
CI)I\/\NHFmoc

13a
Repeat steps i) and ii)

I i 1,
H H
N/\)J\NH Cl)l\/\NHFmoc
H 13a
Repeat steps i) and ii)

o) o
CO,Et 19a,62% CO,Et

18a, 70%

Scheme 1. Successive ring-expansion reactions (12a to 17a; 17a to
18a; 18a to 19a). Fmoc = 9-fluorenylmethoxycarbonyl.

The ring-expansion procedure was established using 12-
membered-ring cyclic f-ketoester 12al"! and acid chloride
13a (Scheme 1). First, a C-acylation reaction was performed
(using MgCl, and pyridine at room temperature in CH,Cl, )"
to generate tricarbonyl species 14a. This intermediate was
then treated with piperidine in CH,Cl, to cleave the 9-
fluorenylmethoxycarbonyl (Fmoc) protecting group, which
also resulted in spontaneous ring expansion, presumably via
fused bicycle 16 a, affording 16-membered ring product 17ain
80% yield over the telescoped two-step sequence
(Scheme 1).”!! The ease of the ring-expansion step (which is
likely to be driven by the formation of a stabilized enolate and
an amide group) was encouraging, but in order to validate the
SuRE concept, it was necessary to demonstrate that the
macrocyclic product could undergo further ring expansion.
Thus, the same reaction conditions were then applied to f3-
keto ester 17a and pleasingly, this resulted in the formation of
20-membered ring macrocycle 18a (70 % yield). The same
sequence was then used for a third time, resulting in the
conversion of 18a into the 24-membered ring product 19a
(62% yield). Importantly, these reactions do not use high-
dilution conditions (the reactions are performed at 0.1m) and
can be scaled up easily.”

Next, attention turned to exploring the scope of the
synthetic method. Cyclic starter units (12a-g) and linear
fragments (13a-j; Figure 2), were synthesized using standard
methods (see the Supporting Information).*!

The ring expansion can be achieved using carbobenzyloxy
(Cbz) derivative 13b as the linear fragment in place of
Fmoc derivative 13a; in this case, following C-acylation in the
usual way, the Cbz group was cleaved by hydrogenolysis,
initiating spontaneous ring expansion (Scheme 2).**! Methyl
and benzyl esters in the starter unit are also tolerated,
furnishing macrocycles 17b and 17c¢. The reaction also
tolerates other ring sizes; 5-8-membered starter units each
reacted with linear fragment 13a under the standard con-
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Figure 2. Substrates 12a-g and 13 a—j. PG = protecting group;
Bn =benzyl; Cbz = carbobenzyloxy.
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Scheme 2. Scope of the ring-expansion sequence.? i) Dicarbonyl 12
(1 equiv), MgCl, (2 equiv), and pyridine (6 equiv) were premixed for
30 min in CH,Cl, (7 mLmmol ™" of 12) before adding acid chloride 13
(3 equiv) in CH,Cl, (3 mLmmol™' of 12) and stirring for 1-2 h at RT.
ii) Conditions A: piperidine (10 equiv), CH,Cl, (10 mLmmol™), RT,
1-2 h; Conditions B: H,, Pd/C, EtOAc (10 mLmmol™"), RT, 24 h;
Conditions C: H,, Pd(OH),/C, MeOH (10 mLmmol™"), RT, 24 h.

[a] Presumably, 17a is formed by hydrogenolysis of the NBn group.
[b] An optically active product was isolated, 17n: [a]5=-51.2 (c=1.0,
CHCLy).

ditions to form 9-12-membered medium ring products 17d-
17g in good yields. N-Alkyl and branched linear fragments
are also compatible, forming ring-expanded products 17h-
171, with the structure of 11-membered ring 17h confirmed by
X-ray crystallography (see the Supporting Information).’
Linear fragments derived from o-amino acids (forming
products 17m and 17n) have also been applied successfully,
which is likely to be useful in the synthesis of macrocyclic
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peptidomimetics."***"! Finally, the synthesis of cyclic lactone
170 from f-ketoester 12f and benzyl-protected alcohol
derivative 13j indicates that SURE is not limited to amino
acid derived linear fragments.”® As with the Cbz-protected
variant, hydrogenolysis was used to promote benzyl group
cleavage and ring expansion in situ.

The reactions described in Scheme 2 represent a conven-
ient way to generate ring-enlarged products, and notably
include 9-11-membered ring products (17d-f, 17h, 171-0),
compounds that are difficult to synthesize by conventional
methods.”! Indeed, their formation from 5-7-membered
starting materials (ring sizes which are typically far more
thermodynamically stable than their respective products)
highlights the strength of the driving force for ring expansion.
However, the real value of this method is the fact the products
themselves are suitable substrates for further ring expansion,
as this allows more complex scaffolds to be assembled, as
shown in Scheme 3.1
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Scheme 3. Examples of successive ring expansion.”" i) Dicarbonyl 17/
18 (1 equiv), MgCl, (2 equiv), and pyridine (6 equiv) were premixed for
30 min in CH,Cl, (7 mLmmol™" of 17/18) before adding acid chloride
13 (3 equiv) in CH,Cl, (3 mLmmol™" of 17/18) and stirring for 2 h at
RT. i) Conditions A: piperidine (10 equiv), CH,Cl, (10 mLmmol™), RT,
1-2 h; Conditions C: H,, Pd(OH),/C, MeOH (10 mLmmol™"), RT, 24 h.
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Thus, 20- and 14-membered macrocycles 18a and 18b
were formed in good yield using the standard procedure, by
insertion of linear fragment 13a for a second time. The
insertion of different linear fragments is also possible, as
demonstrated by the formation of mixed lactam/lactone
product 18¢ and mixed bis-lactam 18d. Furthermore, there
is no need to stop after two ring-expansion reactions, with 24-
membered macrocycles 19a and 19b, and 18-membered
product 19¢, also being synthesized using the standard
procedure. Macrocyclic products 19b and 19¢ are especially
noteworthy, as they were prepared through the controlled
insertion of three different linear fragments (Scheme 3). The
practicality and versatility of the SURE procedure means that
it is a genuine alternative to current macrocyclization
methods (for example macrocycle “stapling” approaches)®”
and is expected to be adopted in various research fields that
rely on controlled macrocycle synthesis, especially those
focused on the generation of diversity.2¢3!-3)

In summary, a simple but effective strategy for the
formation of functionalized medium-sized rings (17d-f, 17h,
and 171-0) and macrocycles (17a-¢, 17g, 17i-k, 18a-d, and
19a—c) is described. The regeneration of the reactive func-
tionality in the starter unit is needed for the ring-expansion
procedure to be applied successively, and although in this case
the cyclic B-ketoester motif was chosen, a range of other ring-
expansion systems can easily be imagined, in which a similar
strategy may be applied. Using the SuRE synthetic method,
diverse families of macrocycles should be accessible more
easily than is possible using existing methods, and because
there is no discrete macrocyclization step, their syntheses
should be viable on a large scale. The freedom to install
precise sequences of functional groups into macrocycles is
likely to be of value in the design and development of many
such applications in the various research fields highlighted
above.[™228] Future work will explore these possibilities, as
well as further expanding the substrate scope and challenging
the methodology to create even larger, more complex
macrocycles.
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