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Abstract: A series of 12- to 22-mem-
bered macrocycles, with druglike func-
tionality and properties, have been gen-
erated by using a simple and efficient
copper-catalyzed azide-acetylene cy-
cloaddition reaction, conducted in flow
in high-temperature copper tubing,
under environmentally friendly condi-

cles have been generated in up to 90 %
yield in a 5 min reaction, without re-
sorting to the high-dilution conditions
typical of macrocyclization reactions.

Keywords: click chemistry - flow
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This approach represents a very effi-
cient method for constructing this im-
portant class of molecules, in terms of
yield, concentration, and environmen-
tal considerations.

tions. The triazole-containing macrocy-

Introduction

Protein—protein interactions represent a critically important
subset of molecular interactions, integral to both extra- and
intracellular signaling pathways, which are poorly addressed
by current small molecule drug-design strategies.! Macrocy-
clic systems offer a compelling approach to modulating
these challenging molecular targets,”” since their intrinsic
conformational constraint and lower rotatable bond count
offers the prospect of improved physicochemical,”! pharma-
cological,¥ and pharmacokinetic® performance compared
to their acyclic congeners. Although there are a number of
examples of macrocyclic drugs derived from natural prod-
ucts,” totally synthetic macrocycles have received relatively
little attention from drug designers, and represent only a
tiny proportion of compound screening files.”l In large mea-
sure, this is due to the challenge of efficient macrocycle syn-
thesis. Thus, whilst the use of high-dilution conditions is the
most common strategy employed in natural product synthe-
sis to steer reactions towards macrocyclization, with concen-
trations often in the very low to submillimolar range,® this
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is impractical in a drug discovery setting, in which slow reac-
tion times and high solvent quantity requirements are unac-
ceptable from cost, capacity, and green chemistry perspec-
tives.’! A further consideration is that the functional group
generated in the ring-closing reaction should be compatible
with drug-property requirements (e.g., avoiding potentially
metabolically vulnerable groups such as lactones, which fea-
ture commonly in natural product synthesis).?

Our objective has, therefore, been to devise macrocycliza-
tion methodologies that address these considerations and
are applicable to drug discovery programs. We report,
herein, a new approach for the efficient construction of a
series of prototypical “druglike” macrocycles, without re-
sorting to extremely high-dilution conditions, through the
implementation of high temperature, copper-catalyzed cy-
cloaddition chemistry in flow. To the best of our knowledge,
this represents the first report of a macrocyclic closure
under flow conditions.

Results and Discussion

We were drawn to a flow methodology employing copper
tubing as the reaction vessel for a number of reasons. Firstly,
flow reactors have emerged as a powerful new technology
for precisely controlling, and systematically exploring, key
reaction parameters, such as reaction time, concentration,
stoichiometry, and, in particular, temperature.'” We,'!l and
others,™” have found previously that the macrocyclization
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chemistry we selected, that is, the copper(I)-catalyzed
azide-acetylene cycloaddition (CuAAC) reaction,! can be
carried out under flow conditions to yield simple, linear het-
erocyclic products (1,2,3-triazoles) of the type typically
found in drug molecules. In addition, the CuAAC reaction
has recently found use in a number of macrocyclizations
under nonflow conditions," albeit with the aforementioned
challenge of high dilution. Most importantly from our per-
spective, the generation of a reactive copper—acetylide spe-
cies directly at or near the copper surface at high tempera-
ture might favor a rapid intramolecular reaction (to yield a
macrocycle) before diffusion to encounter a second mole-
cule (yielding a dimer).

Our aim was to construct a small library of macrocycles
of varying ring size and functionality, available through
short synthetic sequences (34 steps) from readily available,
chiral, bifunctional starting materials, such as amino alcohols
(1, Route A, Scheme 1) and hydroxy acids (4, Route B,
Scheme 1).

Route A

Route B

OH SN

Boc@ BOCQ

COH COH
4 5 3k

Scheme 1. Synthesis of azidoalkyne macrocyclization precursors, starting
from amino alcohols (1, Route A) and hydroxy acids (4, Route B).

Reactions were conducted in an Accendo Conjure flow
reactor (Figure 1)," by using copper tubing (3m length,
0.75 mm inner diameter) and 300-600 pL reaction segments.
These discrete reaction segments were separated by per-
fluoromethyldecalin spacers, which prevent segment diffu-
sion and reaction trailing. Such reactor systems are suitable
for both reaction optimization and preparative-scale chemis-
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Figure 1. The flow reactor scheme. See the Supporting Information for
more details.
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try, and designed to withstand both elevated temperatures
and pressures.

Azidoalkyne 3a was used as a model system in the opti-
mization of the flow macrocyclization. The intramolecular
cycloaddition of 3a to yield 12-membered macrocycle 6a
was performed under a variety of conditions, without the
need for extraneous Cu' salts in the reaction mixture, by
using ethanol as the solvent (well above its boiling point),
with a five-minute residence time (Table 1). Sufficient expo-
sure to catalytic copper species is clearly achieved through
interaction with the copper tubing alone. Elemental analysis
data on the ethanol reaction mixture after it emerged from
the copper tube indicated extremely low levels of copper
present (<5 ppm), suggesting that the catalytic copper spe-
cies was either associated with the surface or could be de-
sorbed from, and then readsorbed to, the surface along the
course of the tube.™ As expected, the ratio of product to
dimer (determined by UV/Vis spectroscopy) was clearly
sensitive to concentration (Table 1, entries 1-5); however,
we chose to halt the dilution at 0.0167 M, a concentration sig-
nificantly higher than most reported macrocyclizations.®
The yield of 6a was improved by incorporation of catalytic
quantities of ligands that coordinate copper, presumably
through complexation and activation of the copper species
generated in situ (Table 1, entries 6-8). In particular, tris-
(triazolyl) catalysts!" exhibited a marked effect on the prod-
uct-to-dimer ratios and yields, with tris[(1-fert-butyl-1H-
1,2,3-triazolyl)methyl]amine (TTTA) being the optimum
ligand (Table 1, entry 8). Finally, the addition of N,N-diiso-
propylethylamine (DIPEA) further increased the amount of
product, as well as the product-to-dimer ratio by ensuring
complete recovery of the polar triazole products, which ap-
peared to adhere to the reactor walls. Thus, under the opti-
mized conditions, a 4.6:1 ratio of macrocycle to dimer was
observed by UV/Vis spectroscopy, and macrocycle 6a could
be generated in 73 % isolated yield (Table 1, entry 11). The
structure of 6a was confirmed by X-ray crystallography
(Figure 2).

Given the spirited literature debate surrounding the value
of flow chemistry,'"” we compared the reaction outcome
achieved from our optimized flow protocol (Table 1,
entry 11) to several other common reaction paradigms
(Table 2). Thus, simply refluxing the ethanol reaction mix-
ture together with stirred copper turnings (1 equiv) yielded

Figure 2. The X-ray crystal structure of macrocycle 6a. Hydrogen atoms
were omitted for clarity.
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Table 1. Optimization of the flow macrocyclization reaction.[*!

0/\

the reaction yielded 68 % prod-
uct by UV/Vis spectroscopy,

O/\EN.

Mea_ - conditions Mes_ [N but with a product-to-dimer

Ph - Ph "N . .
Me’N\n/\/\N EtOH, 5 min Me/NW ratio of only 2.6:1.0. With 0.004
S s COPPe];t”b'”g o equivalents of Cul, which was

In Tlow .
s . calculated to approximate the
? ? maximum amount of copper
Additive Concentration T Product! 6a:dimer’ detected by elemental analysis
(M] [°C] [%] in the reaction segments emerg-
1 - 0.1 100 <5 n.d. ing from the copper reactor, the
§ - 8(1]5 gg g gg‘;}g reaction was incomplete and
- . .37:1. . o

4 - 0.0333 150 17 0.39:1.0 yielded only 35% product by
5 _ 0.0167 150 24 0.44:1.0 UV/Vis spectroscopy. In this
6 TMP (10 mol %) 0.0167 150 31 0.71:1.0 final case, the product-to-dimer
7 TBTA (10 mol %) 0.0167 150 61 2.3:1.0 ratio was not determined due
8 TTTA (10 mol %) . 0.0167 150 72 2.6:1.0 to the broad peak shape of the

9 TTTA (10 mol %) NH; (2.0 equiv) 0.0167 150 67 2.5:1.0 di o .
10 TTTA (10mol%) TEA (2.0 equiv) 0.0167 150 77 3.8:1.0 limer giving maccurate integra-
11 TTTA (10 mol% ) DIPEA (2.0 equiv) 0.0167 150 79 (73)1 46:1.0 tions when present in only
12 DIPEA (2.0 equiv) 0.0167 150 21 0.34:1.0 small amounts. Again, these re-

[a] TMP =3,4,7 8-tetramethyl-1,10-phenanthroline,

phy.

Table 2. Comparison of flow and non-flow macrocyclization reactions.

TBTA =tris[(1-benzyl-1H-1,2,3-triazolyl)methyl]amine,
TEA =triethylamine, n.d.=not determined. [b]Percent product as determined by HPLC-MS analysis.
[c] Product-to-dimer ratio as determined by HPLC-MS analysis [d] Isolated yield after column chromatogra-

sults emphasize the key role
played by the copper tubing.

By using the optimized
copper-tube flow protocol, we
examined the macrocyclization

Reaction conditions!®

of a range of azidoalkyne sub-

Product!™ 6a:dimerl

Cu turnings (1.0 equiv), reflux, 5 min

Cu turnings (1.0 equiv), reflux, 90 min

Cul (0.2 equiv), reflux, 5 min

Cul (1.0 equiv), reflux, 5 min

Cul (1.0 equiv), 150°C, 5 min

Cu turnings (100 wt. equiv), 150°C, 5 min

Cu powder (100 wt. equiv), 150°C, 5 min

no copper additive, 150°C, 5 min, Hastelloy tubing, flow!!
Cul (1.0 equiv), 150°C, 5 min, Hastelloy tubing, flow!"!
Cul (0.004 equiv), 150°C, 5 min, Hastelloy tubing, flow

[V VS IS

NelEe BN Bo)

10

[%] strates based upon various
chiral fragments, thereby gener-

irs . (i ating a diverse collection of 12-
9 1.0:1.0 to 22-membered macrocycles
20 1.1:1.0 (Scheme 2). In all cases, the de-
52 L5:1.0 sired macrocycles were generat-
17 1.1:1.0

50 1510 ed at the same moderate con-

<5 nd centration (0.0167M) and in
68 2.6:1.0 modest to excellent yield.

35 n.d.

Macrocycles 6a, b, and ¢ rep-

[a] [3a]=0.0167 M, DIPEA (2.0 equiv), TTTA (10 mol % ); n.r.=no reaction; n.d. =not determined. [b] Percent
product as determined by HPLC-MS analysis. [c] Product-to-dimer ratio as determined by HPLC-MS analysis.
[d] MeCN used to help dissolve the Cul. Reaction segments contained a 2:1 v/v ratio of EtOH to MeCN.

no detectable product after 5 min and only trace amounts of
product after 90 min (Table 2, entries 1 and 2). Although
much less environmentally appealing, we also examined the
addition of soluble Cul (0.2 or 1 equiv), which resulted in a
low yield of product and only a 1:1 ratio of macrocycle to
dimer (Table 2, entries 3 and 4). In an effort to more closely
replicate the flow protocol, this same reaction mixture was
heated in a sealed tube at 150°C for 5 min by using an oil
bath (chosen to enable precise timing of heating) in the
presence of Cul (1.0 equiv), copper turnings (100 wt. equiv),
or copper powder (100 wt. equiv), yielding 52, 17, and 50 %
product by UV/Vis spectroscopy, respectively, although with
considerably lower product-to-dimer ratios (Table 2, en-
tries 5-7).

Finally, the reaction was run in flow by using Hastelloy
tubing (Table 2, entries 8-10). Without a copper source, the
reaction gave <5% product. With soluble Cul (1.0 equiv),
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resent a homologous series of
12-, 13-, and 14-membered
rings, respectively, all of which
were generated in good yield.
Macrocycles 6d and e, which
lack an N-methyl substituent and are thus less sterically con-
gested, were formed in excellent yields of 87 and 90 %, re-
spectively. Macrocycles 6 f—i, generated in lower yields, rep-
resent much more strained systems by virtue of the addition-
al conformational constraints resulting from the embedded
aryl rings and/or cyclic chiral fragments. In order to accom-
modate the ring strain, the crystal structure of 6 f reveals sig-
nificant bond-angle distortion at the triazole N1 position
and the amide bond, as well as deconjugation of the aromat-
ic and amide &t systems (Figure 3). Compound 6h represents
a further escalation in conformational constraint, incorporat-
ing, as it does, three bridged rings within a 13-membered
macrocycle. We suspect that conducting the macrocycliza-
tion at 150°C allows the precursors of these strained systems
to populate the high-energy conformations required for ring
closure. As indicated by 6i and j, increasing the ring size
from 12 to 14 significantly reduces the ring strain, resulting

Chem. Eur. J. 2010, 16, 14506 -14512
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Scheme 2. Substrate scope for the flow macrocyclization. Numbers in pa-
rentheses correspond to isolated yields after column chromatography.
Reactions were conducted in a copper tube flow reactor at 0.0167M in
EtOH, in the presence of TTTA (10 mol%) and DIPEA (2 equiv), at
150°C for 5 min. Boc=tert-butoxycarbonyl.

bent triazole

Figure 3. The X-ray crystal structure of macrocycle 6 f viewed edge-on to
the triazole ring. Hydrogen atoms were omitted for clarity.

in a higher yielding reaction. Macrocycles 6k and 1 are 14-
and 16-membered rings, respectively, derived from Boc-L-
hydroxyproline. These are produced in good yields, with the
N-Boc protecting group surviving the elevated reaction tem-
perature, and illustrate the potential for these macrocycles
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to serve as core fragments in library synthesis. Finally, 6m
and n illustrate the ability of this process to access larger
macrocycles (18- and 22-membered rings, respectively) in
good yield.

Based upon our findings, we believe the high ratio of mac-
rocycle to dimer achieved in our flow protocol is the result
of several factors. Firstly, in line with the elemental analysis
results and the reactions conducted with soluble copper
sources, the reaction appears to be occurring at or near to
the copper surface (area 70 cm®). Although we cannot be
certain about the identity of the copper species involved in
the copper-tube reaction, it is known that nanoscale clusters
of copper atoms can catalyze this reaction,' and that
copper metal can supply the necessary catalytic Cu' species
in the presence of mild oxidants such as alcohols."® This in-
volvement of the copper surface might be contributing to a
“pseudodilution” effect, as has been observed for other
macrocyclizations that use solid-supported reagents,"”! and
thus an improved product ratio compared to the use of solu-
ble copper ions (e.g. Table 1, entry 11 vs. Table 2, entries 5
and 9). This effect is thought to result from the interaction
of the cyclization precursor with a surface-bound reagent, at
sufficient distance from other surface-associated molecules
to reduce the frequency of intermolecular reactions. It is
possible, in our case, that the azido functional group plays a
role in the interaction with a copper species on the reactor
surface, since it has been demonstrated that organic azides
can leach copper very effectively from a carbon support(!%!
and can act as ligands for transition metals.””

A further significant factor is the presence of TTTA,
which both accelerates the reaction and markedly improves
the product ratio. TTTA is thought to accelerate the
CuAAC reaction by generating a monomeric copper species,
in this case, generated from the copper surface, thereby pre-
venting the formation of nonproductive multimeric com-
plexes of copper acetylides.'®>?!] This would certainly ac-
count for the significant rate increase we observed. Its
impact on the product-to-dimer ratio might be a steric
effect, in which the transition state for the intramolecular re-
action (involving one molecule) is less crowded that that for
the intermolecular reaction (involving two molecules). It is
also possible that these two effects (surface interaction
through the azide, together with a reactive, but sterically
hindered copper-acetylide) act in concert.

A potential catalytic cycle for the reaction is outlined in
Scheme 3. Interaction of azidoalkyne A with a copper spe-
cies, in the presence of TTTA and base, yields surface-asso-
ciated copper—acetylide adduct B. Although we cannot be
sure about the nature of the ligands on the copper, one pos-
sibility would be for the azide to be ligated to a metallic
copper cluster, and the copper acetylide to be complexed to
TTTA. There is a growing case for the involvement of two
copper species in the cycloaddition reaction™ and so a fur-
ther possibility is that the azide and alkyne become ligated
to a common copper species as in C or D, each involving
both o- and m-bonded copper—alkyne species. Complexes C
and D differ only with regard to which of the copper species
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cul-L,

Scheme 3. The proposed catalytic cycle for the macrocyclization reaction.

is simultaneously ligated to both the azide and the alkyne.
Most proposed mechanisms invoke an intermediate, such as
C, in which the azide is jointly ligated to the o-bonded
copper species.”!! However, a m-bonded intermediate such
as D has been proposed by Fokin and Hein in order to ex-
plain the experimental observation that the CuAAC reac-
tion of iodoalkynes appears to proceed without breaking the
C—1 bond.” Furthermore, molecular modeling suggested to
us that intermediate D might be sterically more accessible
in conformationally constrained systems, such as those de-
scribed here. It also offers an initial orthogonal approach of
the azido-terminus to the alkyne double bond (as depicted
in Scheme 3), as an alternative to the more strained “exo”
conformation that has been proposed to account for the
extensive macrocyclic dimerization observed by some
groups.' The structural distinction between C and D
might not be significant in practice, given the ability of
copper acetylides to exist in a wide range of structures, in-
cluding p-n,-bonded systems.?")

The sequence is completed by cyclization via copper—alk-
ylidene intermediate E. We presume that this step commits
the reaction irreversibly to eventual triazole formation, trap-
ping what appear (from X-ray crystallographic data) to be
strained macrocycles in some cases. Reductive elimination
of copper from metallocycle E leads to triazolo—copper in-
termediate F, which, upon protonation, yields product G.
TTTA is presumably coordinated to the copper—acetylide
during at least part of the sequence, reducing the likelihood
of the reaction proceeding along either of the two potential
nonproductive pathways to yield multimeric complexes H or
dimers through the types of interaction depicted by L

14510 ——
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In principle, we see no
reason why the outcomes we
have achieved could not be re-
produced in batch mode, pro-
vided that exposure to a large
copper surface at elevated tem-
perature is possible. However,
our control experiments, using
a large excess of copper turn-
ings or copper powder (100-fold
by weight, for example, 300 mg
copper to 3 mg substrate) and
an oil bath to heat the reaction
mixture, have, thus far, not ach-
ieved the macrocycle-to-dimer
ratio seen in our flow protocol.
In fact, it appears impractical in
batch processes to perfectly
replicate the exposure to
copper achieved by flowing the
reaction mixture through a very
long (3m) and narrow
(0.75Smm  inner  diameter)
copper tube. Furthermore, the
process of heating and stirring a
reaction mixture in an open oil
bath at 150°C is much more hazardous than our fully con-
tained flow reactor set up (particularly at scale). Whilst one
could potentially use a microwave heater to achieve these
elevated temperatures, we were unable to conduct satisfac-
tory control experiments in such a system, since our labora-
tory is not equipped with the type of internal temperature
sensor viewed as essential in order to measure and precisely
control the temperature at the metal surface inside the mi-
crowave reactor.'” Our flow approach allows us to control
the temperature precisely, to utilize a “green” solvent (etha-
nol) safely above its boiling point with no risk of glass ves-
sels rupturing, and also avoids the contamination issues as-
sociated with a soluble transition-metal catalyst. Therefore,
we believe that our approach represents a very efficient
method of constructing this important class of molecules, in
terms of yield, concentration, and environmental considera-
tions.

Conclusion

We have developed a simple and efficient method for con-
structing druglike macrocycles at modest dilution in a flow
chemistry protocol, by exploiting a copper-surface-catalyzed,
azide—alkyne cycloaddition reaction. The method is “green”,
utilizing an environmentally friendly solvent, and a copper
tube that requires no special preparation, poses no problems
of catalyst recovery, and is completely reusable. The meth-
odology allows access to a range of macrocyclic systems of
comparable ring size to cyclic tetra- through hepta-peptides,
including a number of unusual strained systems, but satisfy-
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ing our aspiration of “druglike” with regard to functionality
and physicochemical properties (for example, the Lipinski
descriptors).*¥

Future work will extend this methodology to the construc-
tion of more densely functionalized systems and, in particu-
lar, the construction of macrocyclic libraries for use in
screening against protein—protein interaction targets.

Experimental Section

Representative preparative-scale flow macrocyclization: Azidoalkyne 3a
(0.10M in EtOH, 100 pL, 0.010 mmol, 1.0 equiv), TTTA (0.01m in EtOH,
100 uL, 0.001 mmol, 0.10 equiv), DIPEA (0.1m in EtOH, 200 pL,
0.020 mmol, 2.0 equiv), and EtOH (200 pL) were aspirated from their re-
spective source vials, mixed through a PFA mixing tube (0.2 mm inner di-
ameter), and loaded into an injection loop. The reaction segment was in-
jected into the flow reactor, set at 150°C, passed through the reactor at
300 pL min~! (5 min residence time). A total of 20 reaction segments pre-
pared in this manner were collected in a round bottom flask. Upon com-
pletion, the reaction mixture was concentrated and dried in vacuo. The
crude reaction mixture was purified by using a Biotage Horizon automat-
ed flash column chromatography system (silica gel, EtOAc, R;=0.27) to
yield 6a as a white solid (45.6 mg, 73%). '"H NMR (600 MHz, CDCl,):
0=17.60 (s, 1H), 7.45 (d, /=7.5Hz, 2H), 7.35 (t, J=7.5Hz, 2H), 7.22—
7.28 (m, 1H), 494 (d, /J=132Hz, 1H), 4.77 (brs, 1H), 4.48-4.69 (m,
2H), 4.22-4.30 (m, 1H), 4.10-4.18 (m, 1H), 2.99 (brs, 1H), 2.53 (brs,
3H), 2.34 (brs, 1H), 2.07-2.21 (m, 2H), 0.81 ppm (d, /=7.0 Hz, 3H);
BCNMR (150 MHz, CDClLy): 6 =172.4, 145.6, 139.6, 128.2, 127.0, 126.0,
123.1, 78.0, 62.8, 55.8, 49.5, 31.8, 29.6, 24.1, 9.9 ppm; HRMS (ESI-TOF):
ml/z: caled for C;H,N,O,: 315.1815 [M+H]*; found: 315.1819.
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