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tially realizable functions and applications. Mechanistic investigations on one-pot macro-
cyclizations, however, are scarce. In their Full Paper on page 3298 ff, H. Q. Zeng et al. dem-
onstrate, for the first time, the applicability of a chain-growth mechanism to the POCI;-
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One-Pot Multimolecular Macrocyclization for the Expedient Synthesis of
Macrocyclic Aromatic Pentamers by a Chain Growth Mechanism

Bo Qin,"”! Sheng Shen,”™ Chang Sun,”! Zhiyun Du, Kun Zhang,™ and Huagiang Zeng*!*!

Abstract: POCl;-mediated  one-pot
macrocyclization allows the highly se-
lective formation of five-residue mac-
rocycles that are rigidified by internally
placed intramolecular hydrogen bonds.
Mechanistic investigation by using tail-
ored competition experiments and ki-
netic simulation provides a comprehen-
sive model, supporting a chain-growth

by the successive addition of a bifunc-
tional monomer unit onto either anoth-
er monomer or the growing oligomeric
backbone is faster than other types of
bimolecular condensations involving

Keywords: foldamers - hydrogen
bonds - macrocycles - macrocycliza-
tion mechanism - supramolecular

oligomers longer than monomers. DFT
calculations at the B3LYP/6-31G* level
reveal the five-residue pentamer to be
the most stable with respect to alterna-
tive four-, six-, and seven-residue mac-
rocycles. These novel mechanistic in-
sights may become useful in analyzing
other macrocyclization, oligomeriza-
tion, and ploymerization reactions.

mechanism underlying the one-pot for-

: - chemistry
mation of aromatic pentamers, where-

Introduction

Since the seminal works on macrocyclic ligands by Pederse-
n,"? Lehn,'*¥ and Cram,"* macrocyclic chemistry has
prospered over the past four ensuring decades to become
one of the most dynamic and promising frontiers of chemi-
cal research. Researching and identifying new macrocyclic
molecules with novel properties have therefore continuously
attracted multidisciplinary interests. Efficient construction
of macrocyclic backbones to derive a “macrocyclic effect”,
however, has been a constant challenge. To promote the ef-
fective macrocyclization, one-step cyclization, templated
cyclization, intramolecular ring closure, intermolecular cou-
pling, dynamic covalent bond formation, and conformation-
assisted macrocyclization have been developed.? Despite
these intensive efforts and synthetic advancements, most of
the cyclization reactions are still carried out under condi-
tions of high dilution, and critical challenges remain in the
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efficient construction of functional macrocycles with precise
control over the ring sizes and the variable functionalization
around the periphery.” As a recently emerging concept, the
one-pot hydrogen-bonding-assisted macrocyclization strat-
egy is among the newest, arguably the most efficient addi-
tion to the macrocyclization toolbox.’*! This strategy cur-
rently is very limited in substrate scope and applicable to
only a few monomer building blocks. Moreover, mechanistic
investigation on one-pot macrocyclization®**7! has been
very scarce with only one recent report by Gong’ that is
known to us.

To further expand the structural diversity of macrocycles,
their already demonstrated diverse functions,**"! and other
potentially realizable functions and applications,**%! we re-
cently reported our work on the use of POCI; as a powerful
cyclization agent to promote one-pot hydrogen-bonding-as-
sisted macropentamerization that allows efficient highly se-
lective preparation of a series of circularly folded pentamers,
such as 1, under mild conditions.”™ In other words, the one-
pot macrocyclization protocol enables precise control over
the ring size of formed macrocycles that are characterized
by an intrinsic backbone propensity that requires five re-
peating units to form a macrocycle®™ % or a helical
turn.[®®<! OQur very recent continuing exploration further re-
veals that the POCl;-mediated one-pot macrocyclization
also leads to the variable functionalizations around the pen-
tameric periphery.! More specifically, a hybrid macrocycle,
such as 3, can be conveniently prepared as the major prod-
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uct through one-pot comacrocyclization of two different
monomers that differ by their exterior side chains. This find-
ing differs from those outstanding works on the hybird 3D-
shaped macrocycles previously reported by Huang that were
produced more or less statistically.”! We postulated that the
POCIl;-mediated one-pot macrocyclization proceeds pre-
dominantly by a chain-growth mechanism in which the addi-
tion of monomer into the growing backbones (n+1-type re-
action, Scheme 1) is faster than other competing bimolecular
reactions between two monomers or between two higher oli-
gomers.! In other words, the inequality 1 [Eq. (1)] should
hold qualitatively:

K, Kyp,or Ky, <K, (n=2-4) 1)

In the present study, we provide convincing evidence and
detailed analyses that support a stepwise chain-growth
mechanism underlying the preferred formation of five-resi-
due aromatic pentamers by one-pot macrocyclization with
an in-depth understanding of the reaction mechanism going
beyond that contained within inequality 1 [Eq. (1)]. This
was achieved by carrying out tailored competition experi-
ments and performing kinetic simulations by using experi-
mental yields. Additionally, a low to undetectable experi-
mental occurrence of four-, six-, and seven-residue macrocy-
cles can be explained computationally on the basis of the
relative energy per repeating unit that becomes increasingly
more stable in the order of tetramer <heptamer <hexa-
mer < pentamer.

Results and Discussion

As discussed above, the POCl;-mediated one-pot macrocyc-
lization reaction now allows an efficient preparation of aro-
matic pentamers carrying side chains of varying types in

Abstract in Chinese:
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both its interior™! and exterior.*! This efficient macrocyliza-
tion stems from the persistent folding of backbone into a
crescent-shaped conformation induced by internally located
continuous hydrogen-bonding forces as demonstrated by
us.>% At the start of the macrocylization reaction, intermo-
lecular reactions dominate and result in the formation of in-
termediate oligomers with a hydrogen-bonding-enforced
curved backbone. As sketched in Scheme 1, the oligomers
of suitable lengths, such as a dimer and a trimer may under-
go bimolecular 2+43-type cyclization reactions to produce ar-
omatic pentamers. The over-shooting products, such as hex-
amers, are minimized owing to the remote steric hindrance.
This mechanism was demonstrated to be operational during
the highly efficient preparation of macrocycles containing
even numbers of symmetrical bifunctional monomers
through one-pot multimolecular macrocylization.”! Is this
mechanism equally applicable to the presently studied aro-
matic pentamers consisting of unsymmetrial bifunctional
building blocks?

Alternatively, the incorporation of additional building
blocks into short intermediate oligomers by a chain-growth
mechanism (Scheme 1) eventually should lead to an acyclic
pentamer precursor, the increasingly curved backbone of
which brings two reactive sites at its two ends into a close
proximity to facilitate an intramolecular cyclization, thus
producing aromatic pentamers. This simplified scenerio
leaves us a few outstanding questions: 1) How are the acy-
clic pentamer precursors produced? 2) What are their rela-
tive reaction rates? 3)Is there any rate-determining step
during the chain-extension process? 4) How are the under-
or over-shooting macrocycles and other acyclic oligomers
minimized, giving rise to the preferred formation of penta-
gon-shaped five-residue macrocycles? As the formation of a
circular hexamer is very minimal and no circular tetramer
has been experimentally observed,™™ the current mechanis-
tic investigation will mainly focus on the desired pathways
that lead to the formation of circular pentamers.

Competition Experiments for Mechanistic Elucidation

Our previous data obtained only provided very preliminary
insights into the chain-growth mechanism underlying one-
pot macrocyclization.™! To further confirm this hypothetical
mechanism, a new set of competition experiments has to be
and was designed that involves monomer 2a, dimer 1a, and
trimer 1b in various ratios, affording reaction mixtures con-
taining up to five circular pentamers 1, 2, 3a, 3b, and 3¢
with their isolated chemical yields tabulated in Table 1 and
TLC-mediated separation illustrated in Figure 1.

A few useful conclusions can be drawn from the presently
designed competition experiment involving 1a, 1b, and 2a.
1) Given K,,,>K,,; from inequality 1 [Eq. (1)], it can be
concluded from entry 1 of Table 1 that K, , is much slower
than K;,,; otherwise, with respect to 1, pentamer 3¢ should
be produced in >24% yield,™ a yield much higher than
14% (Table 1, entry 1), by combining a two-step process
(e.g, by a K,,, reaction involving dimer 1a, producing a
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Scheme 1. Possible reaction pathways accounting for the preferred formation of acyclic pentamers—precursors
for circular aromatic pentamers. The circular aromatic tetramers (under-shooting products) and hexamers
(over-shooting products) may be formed from the reaction. Due to the steric hindrance and possible differen-

H. Zeng et al.

slower than K,,,; (n>1); never-
theless, its value shall be quite
similar to K, as inferred from
entry 3 of Table 1 in which pen-
tamer 2 was produced with a
K, reaction as the first step
and with a 12% yield that com-
pares very favorably with a
14% yield for 3a. While the
differential rate constants be-
tween K., and K, ; cannot be
confidently deduced from these
competition experiments, the
discussion from the succeeding
section on kinetic simulations

ces in thermodynamic stability of oligomer intermediates, some bimolecular reactions may be faster than the ~does suggest that the K, reac-
others. These relative reaction rates determine the mechanistic pathways underlying the one-pot macrocycliza-  tion may be faster than the K,
tion. The balls in blue or purple represent the identical repeating units or those that differ by their exterior , reaction. 3) Although Ky

side chains. K is the reaction rate and K, ,,=K,, ;.

Table 1. Chemical yields®™ for the one-pot preparation®®! of circular pentamers 1-3

from the corresponding oligomers 1a, 1b, and 2a
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Entry  Reacting partners  Product distribution patterns and yields [% ]

(1a/1b/2a)

1 2 3a 3b 3¢

1 1:1:1 4142 trace 8+1 18+1 14+2
2 1:1:2 26+3 6+2 12+1 2542 13+2
3 1:1:3 18+3 12+2 14+2 24+3 12+1
4 1:1:4 12+4 10+2 21+2 3242 10+1
5 1:1:5 6+1 11+1 25+2 31+1 4+1

[a] Isolated yield by preparative TLC plates and averaged over a triplicate run. [b] Re-
action conditions: reactants 1a, 1b, and 2a (total=0.2 mmol), POCI; (0.4 mmol),

TEA (0.6 mmol), CH;CN (2.0 mL), room temperature, 12 h.

tetramer that subsequently reacts with 2a by a K,,, reac-
tion) with the K, ; reaction involving dimer 1a and in situ-
generated trimer. 2) As discussed above, K;,, may be

possibly can be a low-yielding

step (~50% from the above dis-

cussion), its reaction rate, how-
ever, shall be quite similar to K and other K,
(n=2 and 3) reactions. The support for this comes
from the fact that the production of pentamer 3a by
a four-step coupling process is about 50-80% of
that of 3b by a shorter three-step coupling process
(Table 1, entries 1-5). If one of the coupling reac-
tions involving K5 and K,,,, (n=2-4) is significantly
much slower than all the others, a comparable yield
for producing 3a and 3b is expected. Indeed, in the
absence of other closely related competing parties,
pentamers 1, 3a, 3b, and 3¢ are produced in similar
yields of 46,11 381 42 1 and 39 %, respectively.
Additionally, both the dimer and tetramer shall be
present in substantial amounts during the 14243-
type reaction in which monomer, dimer, and trimer
couples with each other to produce different pen-
tamers (Table 1, entries 1-5), which, however, does
not give rise to a hexamer. This suggests that the
K, ., reaction is slower than either K;,,, K, (n=
1-4), or Ks. On this basis, inequality 2 [Eq. (2)] can
be derived:

Ky or Kyy <Kz <Ky <K, =Ks (n=2-4)
@)

Similar to pentamer 1, we believe that 3¢ was
also formed by the K, ; reaction involving dimer 1a
and in situ produced trimer that was produced by
the K, reaction between la and 2a. With increas-
ing amounts of monomer 2a (Table 1, entries 3-5),
both the trimer intermediate and dimer la were
rapidly converted into tetramer and trimer by the
respective faster K;,, and K,,, reactions, thus di-

minishing the Kj;,, reaction to a negligible extent. The rea-
soning that pentamer 3¢ is produced firstly by a K, ,, reac-
tion involving dimer 1a, producing a tetramer intermediate
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Figure 1. Product distributions illustrated by TLC analysis that involve
pentamers 1-3 produced from the reactions specified in Table 1. Lane 1=
pentamer 1 containing no exterior side chains, Lane 2=pentamer 2 con-
taining five exterior octyoxy side chains, Lanes 3-7 =macrocylization re-
action products generated by reacting 1a, 1b, and 2a in molar ratios of
1:1:1, 1:1:2, 1:1:3, 1:1:4, and 1:1:5, respectively. Eluent: ethyl acetate/
hexane=1:3 (v/v). Note that the dark spots at the origin line actually
derive from very tiny amounts of unknown compounds from the reac-
tion.

that subsequently reacts with monomer 2a by a K, reac-
tion is not supported by inequality 2 [Eq. (2)].

To additionally differentiate the reaction rates between
K,,, and K, ,, another competition experiment was under-
taken, involving a 1:1 mixture of tetramer 1c¢ containing no
exterior side chains and dimer 2b containing two exterior
octyloxy side chains (Scheme 2). Experimentally, only a
single type of hexamer 4a containing two octyloxy-contain-
ing repeating units was formed in 25% yield, implying that
K, ,, is significantly much slower than K, ,,. If K, , is com-
parable to or faster than K,,,, a tetramer containing four
octyloxy-containing units in situ generated by a K,,, reac-
tion would be produced that competes with tetramer 1c¢ in

OCgH17
O
;= 4+ Cefr0 N o
QH O. OH
NH, 2b
POCI5, TEA
CHACN
CgH170
o
CgH470 N o
OH O HN OCgH17
|
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- 0 O HN o

\ H ~ —O
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Scheme 2. Formation of hexamers 4a and 4b.
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the reaction with dimer 2b to produce a second type of
hexamer 4b containing six octyloxy-containing repeating
units in it (see inequality 3 [Eq. (3)]).

Ky <Ky <Kz <Ky <K, y=Ks(n=2-4) 3)

Kinetic Simulation of Reaction Rates

The dependability of certain components in inequality 3
[Eq. (3)] dictating the preferred formation of pentamers of
varying types can be verified by applying kinetic simulations
onto entries 1-5 in Table 1 by assuming a best-case scenario
in which 1) the same type of K, ,,, reaction has the same
rate constant regardless of the identity of monomers and
oligomers and 2) oligomers higher than pentamers are not
formed from the reaction, which is true experimentally, to
reduce the complexity of simulations. In the simulation, no
assumption on the chain-growth process for forming various
pentamers was made. Instead, monomers and oligomeric in-
termediates are not allowed to grow beyond pentamers by
any bimolecular reaction (see the Experimental Section for
equations used).

Based on the respective chemical yields (Table 1, en-
tries 1-5), a total of 24 reactions using seven variable reac-
tion rates of K,,, (2<n+m<5) and K types were per-
formed (see the Experimental Section for equations used).
Simulations evolved over 3600 seconds with a step length of
1 second. The longer sampling time ensured that all the si-
mulated yields obtained on circular pentamers are the maxi-
mum yields possible under the stipulated set of kinetic rates
with >99.9% formation of the respective pentamers that
should have be produced. The convergent criteria were
chosen in such a way that the simulated chemical yields
shall fall within the experimental ranges. For instance, from
entry 2 of Table 1, 2 was produced in 6+2% over a tripli-
cate run; it would be considered as ideal if the simulated
chemical yield of 2 falls within 4-8 %, preferably equal to
the average value of 6 %. In addition, the rate constants ob-
tained based on one entry ideally shall be applicable to
other entries to cross-test the reliability of obtained values.

After going through iterations of numerous rounds by
using kinetic simulators freely available online,”” the close
to best-fit kinetic rate constants and the simulated chemical
yields were obtained, compiled, and compared to experi-
mental ones as shown in Table 2.

It was found that a slight increase or decrease in the value
for K, ,, relative to K, significantly influenced the simulat-
ed yields of both 1 and 3¢ for entries 1 and 2 of Table 2,
leading to larger deviations from experimental ranges. For
instance, with respect to 1) K,,,=0.002 and 2) all the other
rate constants remained unchanged, the simulated yields of
1 and 3¢ for K,,,=0 increased from 39 and 15% to 46 and
17%, respectively. For K, ,=K;,,=0.008, the simulated
yields for 1 and 3¢ decreased from 39 and 15% to 29 and
11 %, respectively. With K, ,=5xK;,,=0.04, the simulated
yields for 1 and 3¢ further decreased to respective 14 and
8%. These comparisons are consistent with experimental

www.chemasianj.org 3301
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Table 2. Simulated rate constants for the bimolecular reactions used to model cyclopentamerization and the
corresponding simulated chemical yields for circular pentamers 1-3 made from oligomers 1a, 1b, and 2a as

shown in Table 1.

H. Zeng et al.

oligomers 1la, 1b, and 2a
reached 90% consumption in

about 50-60 seconds, and
Entry Re;:cting Simulated kinetic rate constants [s~!]® ﬁ;o]%lct distribution patterns + yields 99.9% consumption in about
partners ? 800 seconds.
(1a/1b2a) K., K,,, Kip, Kiy Koyr Koy K5 1 2 3a 3b 3¢
1 1:1:1 0.036 0.060 0.045 0.040 0.002 0.008 >0 39 2 5 11 15 Ab Initio Molecular Modeling
(0) =2 (=20 (-6 (O
2 1:1:2 0.036 0.060 0.045 0.040 0.002 0.008 >0 27 8 14 22 15 The above analysis does not
0 0) () S allow us to fully appreciate why
3 1:1:3 0.025 0.065 0.035 0.030 0.002 0.008 >0 17 12 20 25 12 . .
) ) @) ) ) 1) experimentally, circular hexa-
4 1:1:4 0.011 0.065 0.035 0.030 0002 0.008 >0 7 1 23 30 7 mer was produced in a low
(-1 (0) (0) () (=2) yield of 6 % during the one-pot
5 1:1:5 0011 0.065 0.035 0.030 0.002 0.008 >0 5 15 27 34 5 preparation of pentamer 11
0) 3 0) 2 0)

and 2) neither under-shooting

[a] Simulation over 3600 s that allows the respective yields to reach >99.9% of the maximum allowed chemi-
cal yields. [b] The values in brackets are the deviations of simulated yields from experimental ranges shown in
Table 1; negative values=deviations from the lower boundary, positive values=deviations from the upper

boundary, 0 % =no derivations from the experimental ranges.

observations and our expectation that K,,, shall be less
than K, ., so that, in the presence of a lesser amount of 2a
(Table 2, entry 1), K, , will not substantially compete with
K, to significantly decrease the yields for 1 and 3e¢. Simi-
larly, for entries 3-5 of Table 2, a slight difference in values
of K, (n=2-4) leads to larger deviations of the simulated
chemical yields from experimental ones. Except for K, all
the simulated K, (n, m>1) values do not vary significant-
ly among entries 1-5 in Table 2, which delightedly allows the
consistent reproduction of experimental trends in chemical
yields shown in Table 1, though to a lesser degree for
entry 1 in which the simulated yield derivates quite substan-
tially for 3b. From these simulated rate constants, the real
rate constants are highly likely to increase in the order of
Ky 2 <Ks, <K 1<Kz 1=K, 1<K, This order nicely
matches the qualitatively derived reactivity order shown in
inequality 3 [Eq. (3)].

As K corresponds to the intramolecular reaction that
converts an acyclic pentamer into a circular one (Scheme 1),
it is essentially a noncompeting reaction that does not com-
pete with other reactions for reactants or intermediates of
different types.’™ With a sufficiently long enough reaction
time, any positive value of Kj in terms of reaction rate con-
stant eventually transforms all the available acyclic pentam-
ers into circular ones. As a result, its value cannot be confi-
dently deduced on the basis of experimental yields
(Table 2).

As exemplified by the obtained kinetic data for entry 4 of
Table 2, Figure 2 illustrates simulated reaction progresses
with the accumulated chemical yields for pentamers 1-3
plotted against the reaction time. The plateaus were reached
at t=271, 212, 200, 86, and 300 seconds for 1, 2, 3a, 3b, and
3¢, respectively, which correspond to the 90 % formation of
these respective pentamers with their maximum allowable
yields approaching 7.0, 10.8, 22.8, 29.7, and 6.6 %. Within
1000-1100 seconds, all the pentamers reached 99.9% of
their maximum allowable yields. In addition, all the starting

3302
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tetramer nor over-shooting hep-
atmer were observed during the
formation of aromatic pentam-

03 29.7%
0.25
22.8%
0.24
Yield g 15 |
o] 10.8%
7.0%
] 5
0.05 i 6.6%
0

0 100 200 300 400 500
t/sec

Figure 2. Kinetic simulation based on entry 4 of Table 1 on the formation

and accumulation of circular pentamers 1-3 by one-pot macrocylization

starting from bifunctional oligomers 1a, 1b, and 2a. m: refers to the time

point at which 90% of the respective pentamers was produced from the

cyclization reaction.

ers by one-pot condensation reactions. In other words, five-
residue macrocycles form predominantly over other alterna-
tive macrocycles containing four, six, and seven repeating
units. These, however, can be understood based on the plas-
ticity of bond angles in the hydrogen-bonded backbone, al-
lowing the backbone to curve toward the hydrogen-bonded
side in responding to the hydrogen-bonding forces.'"! In the
present system, the C—O--H—N hydrogen bonds were inten-
tionally placed inside the interior to induce and to maintain
a large curvature in the backbone that in turn results in a
unique requirement, calling for five identical repeating units
to furnish either a helical turn® or a pentagon-shaped
macrocycle."*%! Examination of crystal structures of circular
pentamers®®®! and helically folded pentamer and hexamer
molecules® demonstrates that the extent of backbone
bending induced by internally placed hydrogen bonds is in-
significantly influenced by macrocyclization constriction, ne-
cessitating an intrinsic need of five repeating units to form a
regularly ordered helical or circular structure. This unique
feature is also verifiable computationally®® and is not seen in

Chem. Asian J. 2011, 6, 3298 - 3305
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other foldamer systems except for pentameric Schiff’s base
macrocycle recently reported.!"!

Theoretical treatments of circularly folded macrocycles
containing from 4 to 7 residues provide the additional ener-
getic details that help clarify the preferred formation of
five-residue macrocycles over the other alternative sizes. By
using DFT, macrocyclic foldamers of varying sizes in
Figure 3 were optimized at the B3LYP/6-31G* level, fol-

0.00 kcal mol™! 0.52 kcal mol~! 1.00 kcal mol™!

4.56 kcal mol™!

Figure 3. Top and side views of ab initio-optimized structures of circularly
folded a) tetramer 5, b) pentamer 1, ¢) hexamer 6, and d) heptamer 7 in
acetonitrile at the B3LYP/6-31G* level. The computationally derived rel-
ative energy per repeating unit among these circular foldamers is normal-
ized based on pentamer 1 in acetonitrile. The computationally derived
planar backbone and geometry in 1 are nearly identical to those found in
the crystal structure.® For clarity of view, all the interior methyl groups
in a—d) were removed.

lowed by a single-point energy calculation at the B3LYP/6-
3114+ G** level in the gas phase, CH,Cl,, and CH;CN
(Table 3). Among the four circular foldamers of varying
sizes, pentamer 1 appears to be the most planar (Figure 3).
As illustrated in entries 1, 3, and 4 from Table 3 and with re-
spect to the gas phase, the incorporation of explicit solvents
stabilizes the macrocyclic pentamers 5-7 by 3.14-3.77 and
3.79-4.39 kcalmol ™' in CH,Cl, and CH;CN, respectively,
whereas the stability of pentamer 1 (Table 3, entry 2) sur-
prisingly decreases by 4.28 and 3.63 kcalmol™' in CH,CI,
and CH;CN, respectively. As a result, the values in relative
energy among these four macrocyclic foldamers decrease

Table 3. Computationally derived relative energy!™ per aromatic repeat-
ing unit among circularly folded aromatic macrocycles (1 and 5-7) in the
gas phase, dichloromethane, and acetonitrile.

Entry Circular aromatic foldamer Relative energy per unit [kcalmol™]

gas phase CH,(Cl, CH,CN
1 circular tetramer 5 0.00 —-3.77 —4.39
2 circular pentamer 1 0.00 428 3.63
3 circular hexamer 6 0.00 —-3.14 -3.79
4 circular heptamer 7 0.00 -3.77 —4.39
5 circular tetramer 5 12.52 4.54 4.56
6 circular pentamer 1 0.00 0.00 0.00
7 circular hexamer 6 7.96 0.50 0.52
8 circular heptamer 7 9.03 1.09 1.00

[a] Density functional theory at the B3LYP/6-31G* level with the single-
point energy calculated at the level of B3LYP/6-311+G**. [b] The rela-
tive energy per repeating unit from entries 1-4 and from entries 5-8 is
normalized against gas-phase and pentamer 1, respectively.
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from the gas phase to explicit solvents (Table 3, entries 5-8).
For instance, pentamer 1 is more stable than 5-7 by at least
7.96 kcalmol ™ in the gas phase, whereas this value decreas-
es to 0.50 kcalmol ™ in CH,Cl,. Despite of this, a general
trend in terms of relative energy per repeating unit still per-
sists among these four macrocycles in which the stability in-
creases in the order of tetramer 5<heptamer 7 <hexamer
6 <pentamer 1 with or without the consideration of explicit
solvents. A difference of 0.52 kcalmol™' per repeating unit
between pentamer 1 and hexamer 6 in CH;CN explains a
low experimental occurrence of hexamer 6 (6% in
CH,CNM ), If the repeating units in hexamer 6 were used to
construct pentamer 1, the energetic destablization by these
repeating units is estimated to be about 2.6 kcalmol™' (5x
0.52 kcalmol™") in CH,CN. A relatively large difference of
4.56 or 1.00 kcalmol ' per repeating unit between pentamer
1 and tetramer 5 or heptamer 6 in CH;CN is consistent with
the absence of both tetramer 5 and heptamer 6 from one-
pot macrocyclization products involving starting oligomers
of varying types in CH;CN.[*

Conclusions

In concert with kinetic simulations, a competition experi-
ment was carefully designed to facilitate the elucidation of
mechanistic pathways as shown in Scheme 1l and corre-
sponding relative reaction rates as expressed in inequali-
ties 2 and 3 [Eq. (2) and (3)] and Table 2. Our findings pres-
ent a clear support to the chain-growth process as the pre-
dominant mechanism, forming circular pentamers of varying
types. Emphasizing the novel mechanistic insights for which
the addition of monomer into the growing backbones is
faster than other competing bimolecular reactions between
two higher oligomers, this chain-growth mechanism differs
from the one recently proposed by Gong that highlights the
decisive roles of remote steric hindrance in the bimolecular
reactions between two higher oligomers, producing suitably
sized macrocycles.*! It is our belief that the chain-growth
mechanism is operational for unsymmetrical bifunctional
momomers, whereas Gong’s mechanism is more suitable for
symmetrical bifunctional momomers. Therefore, these two
mechanisms fully complement each other and may offer in-
sightful explanations to other macrocyclization, oligomeriza-
tion, and polymerization scenarios involving (un)symmetri-
cal bifunctional monomers as the repeating units.”"

Both experimentally and computationally, a necessity to
have five repeating units per macrocycle is an intrinsic fea-
ture associated with the curved backbone stabilized by inter-
nally placed hydrogen bonds. This makes the pentamer the
most stable among the four- to seven-residue macrocycles,
thereby minimizing the production of under- and over-
shooting macrocycles.
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Experimental Section

One-pot preparation of pentamers 1-3" from 1a, 1b, and 2a

POCI; (38 pL, 0.4 mmol) was added to a solution of aromatic oligoamides
1a, 1b, and 2a (total number of moles involving all the starting oligoa-
mides is 0.2 mmol with the ratio 1a/1b/2a ranging from 1:1:1 to 1:1:5) in
CH;CN (2.0 mL) at room temperature. The solution was vigorously
stirred. After 10 min, Et;N (84 uL, 0.6 mmol) was added into the reaction
mixture. The solution was stirred for another 12 h, which was then con-
centrated in vacuo. The residue was purified by preparative TLC plates
to afford circular pentamers 1-3.

One-pot preparation of hexamer 4a from 1c¢ and 2b

POCI; (38 uL, 0.4 mmol) was added to a solution of amino acid 1¢ and
2b (total number of moles involving the starting oligomers is 0.2 mmol,
1¢/2b=1:1) in CH;CN (2.0 mL) at room temperature. The solution was
vigorously stirred. After 10 min, Et;N (84 uL, 0.6 mmol) was added into
the reaction mixture. The solution was stirred for 12 h and then concen-
trated in vacuo. The residue was purified by flash column chromatogra-
phy (ethyl acetate/dichloromethane 1:10) to afford circular hexamer 4a
as a pale-yellow solid (29 mg, 25%). Decomposes at 205°C; 'H NMR
(500 MHz, CDCl,;, 25°C, TMS): 6=9.76 (s, 1H; NH), 9.74 (s, 1H; NH),
9.73 (s, 1H; NH), 9.70 (s, 1H; NH), 9.67 (s, 1H; NH), 9.62 (s, 1 H; NH),
8.80-8.70 (m, 4H; C4Hy), 8.40 (d, *Jyy_y;=3.2 Hz, 2H; C.Hy), 7.99-7.91
(m, 4H; CgHy), 7.49-7.39 (m, 6H; C¢Hy), 4.08 (t, Jy_y=6.5Hz, 4H;
CH,), 4.02 (s, 6H; OCH,), 4.01 (s, 3H; OCHs), 4.00 (s, 3H; OCHs;), 3.97
(s, 3H; OCHs;), 3.96 (s, 3H; OCHs;), 1.89-1.80 (m, 4H; CH, from CgH,,),
1.55-1.45 (m, 4H; CH, from CgH;;), 1.43-1.26 (m, 16H; CH, from
CiH,,), 0.92ppm (t, 3y y=69 Hz, 6H; CH; from CgH,;). "C NMR
(125 MHz, CDCl;, 25°C, TMS): 6 =163.41, 163.37, 163.34, 163.31, 156.38,
156.37, 147.68, 147.58, 147.55, 147.52, 141.18, 141.14, 132.58, 132.53,
131.91, 131.89, 131.88, 131.84, 127.24, 127.20, 127.16, 126.78, 126.70,
126.64, 126.61, 126.54, 126.37, 126.26, 125.95, 125.93, 12591, 112.94,
112.85, 111.74, 111.58, 77.28, 77.03, 76.77, 68.73, 63.37, 63.36, 63.21, 63.19,
63.18, 31.83, 31.83, 29.33, 29.33, 29.25, 29.25, 29.19, 29.19, 26.01, 26.01,
22.68, 22.68, 14.12, 14.12ppm; HRMS (EI): m/z (%): caled for
CeH7NgOy,: 1173.5155 [M+Na]*; found: 1173.5149.

ADb Initio Molecular Modeling

All the calculations were carried out by utilizing the Gaussian 03 pro-
gram package.'" The geometry optimizations were performed at the
DFT level, and the Becke’s three parameter hybrid functional with the
Lee-Yang-Parr correlation functional (B3LYP)!"** method was employed
to do the calculations. The 6-31G*!'* basis from the Gaussian basis set
library has been used in all the calculations. All the trimers and hexamers
were relaxed fully without any symmetry constraints. The harmonic vi-
brational frequencies and zero-point energy corrections were calculated
at the same level of theory. Single-point energies were obtained at the
B3LYP level in conjunction with the 6-311+G (2d,p) basis set with the
use of the above-optimized geometries, that is, B3LYP/6-3114+G (2d,p)//
B3LYP/6-31G (d).

Kinetic Simulations® of K., (n=1-4), K,,, K3 and K5 as Shown in
Scheme 1 and Table 2

Some assumptions were made: 1) Acyclic pentamers ASa-E5a are quan-
titatively converted into the corresponding circular pentamers ASb-E5b,
which are largely true experimentally. 2) The same type of K, ,,, reaction
has the same rate constant regardless of the identity of monomers and
oligomers. 3) Oligomers higher than pentamers are not formed from the
reaction, which is true experimentally, to reduce the complexity of simu-
lations. In the simulation, no assumption on the chain-growth process for
forming various pentamers was made. Instead, monomers and oligomeric
intermediates are allowed to grow not beyond pentamers by any bimo-
lecular reaction. The following 24 equations were used in kinetic simula-
tions in which An=Bn=Cn=Dn=En=oligomers containing n repeat-
ing units, Al=acyclic monomer 2a, A2=B2=acyclic dimer in which
B2 =acyclic dimer 1a, A3 =B3=C3=acyclic trimer in which C3 =acyclic
trimer 1b, A4=B4=C4=acyclic tetramer, ASa=B5a=C5a=D5a=
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ES5a=acyclic pentamer, and ASb=B5b=C5b=D5b=E5b=cyclic pen-
tamers in which ASb=2, BSb=3a, C5b=3b, D5b=3¢, and ESb=1.

Ky for A1+ Al —» A2 Al=2
=2a
Ky for A1+ A2 —» A3 : @)

+
Ky for AL+ A3 ——> Ad Production of

Ky for A2+ A2 —p A4 pentamer 2
Koy for Al +Ad — ASa

Ky for A2+ A3 — b ASa

Ks for ASa —» ASb =2 Y,

K for A1+B2 —»B3 3 B2=1a

K3 for A1+B3 —» B4
Ky for A2+B2 —» B4
Production of
K. for Al1+B4 —»B5a > ©)
pentamer 3a
K3 for A2+B3 —»B5a
K,:; for A3+B2 —»B5a

K; for BSa —» B5b=3a )

K1+3 for A1+ C3 _>C4 3 C3=1b

Ky forAl+C4 —>C5a g Production of )
Kyi3 for A2+ C3 —»(C5a pentamer 3b

Ks for C5a —»C5b =3b J

Ky, forB2+B2 —»D4 a

K4 for Al + D4 ——p D5a L Production of

Ky for A2+B3 —pD5a pentamer 3¢

Ks for D5a ——p D5b=3c¢ J ®

K;i; forB2+C3 —»ES5a Production of

Ks for ESa —» Esb=1 pentamer 1
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