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Described in this study is the ability of tetrabutylammonium salts (TBAX) to mediate an efficient mono-
or di-demethylation removing one or two out of five aromatic methoxy methyl groups situated in similar
chemical microenvironments in a H-bonded macrocyclic aromatic pentamer. These demethylations are
found to be both chemo- and regioselective, and promoted by the H-bonding directed folding of the

macrocyclic backbone.

Introduction

A few outcomes on reactivity may be obtained via conformation-
al pre-organization of organic backbones. Synthetic molecular
containers,' on the one hand, enclose a 3D-shaped inner cavity,
creating a confined nanoscale environment capable of altering
the energy barrier for diverse chemical transformations. Promi-
nent examples include the use of Rebek’s cavitand molecules,”
cyclodextrin,'*>%  calixarenes,”” and cucurbit[8Juril** ¢ to
promote or slow down'** intended chemical reactions. In these
cases, the reactivity of the trapped molecule rather than the host
is altered. Foldamers, on the other hand, can fold into confor-
mationally well-defined backbones caused primarily by non-
covalent forces. Despite the highly repetitive nature of their
folding backbones that are made up of repeating units of the
same or similar types, a difference in the reactivity along the
folding backbone containing a regular array of reactive sites is
expected for repeating units of the same or similar types. The
hitherto discovered examples include reactive sieving on methyl-
ation by Moore,**” selective N-oxidation** and bromination* of
the pyridine-based helical oligoamides by Huc and selective
hydrogenation of the carbonyl group of the 1,10-anthraquinone
oligoamides by Chen et al.* The perspective on such differential
reactivities associated with foldamers is very inspiring, however,
has been scarcely studied, particularly with respect to the exten-
sive investigations already carried out on the container
molecules.'
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By utilizing inward-pointing H-bonding networks to rigidify
the aromatic backbones, we have recently reported a series of
crescent-shaped internally H-bonded foldamer molecules.>*
With a further backbone confinement via a covalent macrocycli-
zation, the appropriately sized pentamers such as 1 can become
circularly folded to arrive at a unique pentagon shape® " that
differs from diverse macrocycles reported by others.” The crystal
structure of pentamer 1°° reveals the presence of two sterically
bulky caps made up of three and two methyl groups, respect-
ively, covering either side of the pentamer plane (Fig. 1b). The

Fig. 1 (a) Structure of pentamer 1 with (b) top and (c) side views of its
crystal structure, illustrating the steric crowding involving the interior
methyl groups.> (d) Structures of anionic pentamers 2—4. The interior
methyl groups in 2 point up and down alternately as revealed by the
crystal structure.®® Both 3 and 4 as shown are the computationally most
stable conformers, differing from others by the orientation of the interior
methyl groups.
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unsymmetrical occurrence of the two steric caps twists the penta-
meric backbone and in the mean time, destabilizes the molecules
due to the crowding involving the methyl groups by a computa-
tionally derived energetic penalty of 2-3 kcal mol™" (see Results
and discussion). A need to eliminate this energetic penalty may
lead to differential reactivities of these interior methoxy groups
toward demethylating agents, producing anionic pentamers 2—4
for the selective recognition of metal cations.® Apart from
releasing the steric crowdedness, eliminating methoxy methyl
groups also generates intermediate anionic phenolates that lead
to the formation of stronger intramolecular H-bonds>? with
respect to those mediated by methoxy O-atoms. This should
stabilize the resultant anionic pentamers. Additionally, the strong
repulsive interactions among the newly generated negatively
charged O-atoms may further prevent the excessive demethyla-
tion from happening, resulting in the selective removal of
methoxy methyl groups at the energetically favored sites. In fact,
the energetic destabilization of the pentamer by the two nega-
tively charged ortho O-atoms can respectively amount to as
large as 13.14, 6.55 and 5.62 kcal mol™' in the gas phase,
CHCI; and THF (3 vs. 4 in Fig. 1, also see Results and
discussion).

In our recent quest to examine the above hypothesis, we
indeed showed that up to two out of five methyl groups situated
in similar macrocyclic chemical microenvironments as in 1 can
be selectively removed in chemo- and regioselective fashions
promoted by TBACl-mediated folding-induced selective
demethylations. More specifically, anionic pentamers 2 and 3
can be obtained in pure forms in 98% and 97% yields with the
use of 20 and 5 equivalents of TBACI as the sole demethylating
agent in HPLC grade chloroform (<0.02% water) and tetra-
hydrofuran (<0.02% water), respectively.>”

In the present study, we have systematically looked into the
solvent effects on the TBACI-mediated demethylations, and
further looked into the demethylation efficiencies promoted
by other TBAX salts, particularly TBABr in varying solvents.
We show here that dianionic pentamer 3 can be produced
in essentially pure form in yields of >95% in the majority
of solvents studied using either TBACI or TBABT. Production of
3 proceeds via 2 as the intermediate by a two-step mechanism
with the first chemoselective mono-demethylation being faster
than the second regioselective mono-demethylation (Fig. 2a).
The chemoselectivity primarily results from the folding-
induced clustering of methoxyl methyl groups whose
hydrophobic interactions computationally estimated to des-
tabilize the pentamer by 2-3 kcal mol™". The regioselectivity
predominantly arises from a necessity to reduce the strong repul-
sions among the negatively charged essentially non-mobile
phenolate O-atoms as in 3 and 4. This affords di-demethylated 3
that is more stable than 4 by 5.62 kcal mol™" in THE. These
computational molecular modeling results allow us to surmise
that the first mono-demethylation occurs at one of the two
methoxy sites ortho to each other on the more crowded side
containing three methoxy groups, and the second mono-
demethylation happens from the less crowded side at the
methoxy group that is meta to the first demethylation site, produ-
cing the most stable regioisomer 3 and avoiding the generation
of strongly repulsive negatively charged ortho oxygens as found
in 4.
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Fig. 2 (a) TBAX-mediated demethylating mechanism with the first
chemoselective mono-demethylation faster than the second regioselec-
tive mono-demethylation, which can be validated by (b) and (c) 'H
NMR analyses of mono-demethylation products, e.g., 2 and CH;CI>" or
CH;Br produced by treating 1 with 20 equivalents of TBACI or TBABr
in CDCl;. The peaks at 3.05 and 2.63 ppm belong to the methyl protons
from CH3Cl and CH;Br, thereby confirming the demethylating mechan-
ism illustrated in (a).
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Table 1 Screening demethylating conditions” for the selective

demethylation of methoxy groups present in circular pentamer 1

Demethylating
Entry reagents Solvent Yield” (%)
1 CF;COOH NMP —c
2 CF3COOH/Nal DMF —c
3 TsOH NMP —c
4 TsOH/Nal NMP —c
5 MeSO;H THF —c
6 Me;SiH THF or —
CHCl,
7 AICl; CH;CN —<
8 AlCls, Nal THF —c
9 AICl5, TBACI THF —c
10 AlCl;, TBABr THF —c
11 LiCl THF —c
12 1 M HCl CHCl, —c
13 1 M HCI THF —<
14 1 M HCI ether —°
15 3 M HCI AcOH Trace of 2¢
16 3 M HCl NMP 1:2:3=
52%:37%: 11%
17 BBr; THF —c
18 BBr3 CH,Cl, 1:2:3=94%:4%:2%
19 1 M BBr; CH,Cl, Mixture®¢
20 HBr NMP Mixture®
21 HBr AcOH Trace of 27

“Reaction conditions: 1 (0.005 mmol), demethylating reagents
(0.025 mmol or the specified concentration), solvent (1.0 mL), 60 °C,
12 h. ®Yields determined by '"H NMR. ¢No product can be detected.
9 Detected by MS. ¢ Mixture containing up to four phenolate moieties
that correspond to the removal of four methyl groups. NMP = N-
methylpyrrolidone; TsOH = toluenesulfonic acid. In entry 12, the
reaction was carried out at room temperature.

Results and discussion
TBAX-mediated demethylation and mechanism

Before our serendipitous discovery of TBACI as the sole
demethylating reagent for selectively removing up to two methyl
groups in 1,°" various demethylating conditions were tested first
to examine their ability to remove the interior methoxy methyl
groups in 1 (Table 1). These demethylating conditions, in most
cases (entries 1-14 and 17), fail to produce detectable amounts
of hydroxyl-containing or anionic pentamers such as 2-4
(Fig. 2b), and in other cases (entries 16 and 18-20) result in a
mixture of anionic pentamers containing up to four phenolate
moieties with 1 remaining very significant. As an illustrative
example from entry 16, the use of 3 M HCI in a polar solvent
NMP produces 2 and 3 in 37% and 11% yield, respectively, with
slightly more than half of the starting material remaining
unreacted. The structural details of 2 and 3 were verified by com-
paring with the anionic pentamers previously made by deproto-
nating the interior hydroxyl groups wusing organic base
TBAOH.*? The structure of 2 is further confirmed by determin-
ing its crystal structure that reveals a structure identical to that
recently reported by us.>?

It was found later that the use of TBACI as the only demethy-
lating reagent results in chemo- and regioselective demethyla-
tions, producing 2 or 3 in almost quantitative yields.”” The
demethylation mechanism proceeds as shown in Fig. 2a whereby
halide CI™ anion attacks the methoxy carbon atom and removes
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Fig. 3 'H NMR-based analysis of the reaction progress vs. reaction

time by treating 1 with four equivalents of TABCI in THF at 60 °C,
illustrating the conversion of 1 (green) to 3 (yellow) via 2 (blue) as the
intermediate.

the methyl group to produce a phenolate anion as found in 2 or
3.°" This mechanism can be verified by 'H NMR analysis of
mono-demethylation products (Fig. 2b—c), demonstrating the for-
mation of 2 and CH;CI>" or CH3Br produced treating 1 with 20
equivalents of TBACI or TBABr in CDCls. It can be seen that
mono-demethylation takes place faster in the presence of TBACI
than TBABr. This may be due to the fact that the newly pro-
duced CH;Br is a better methylating reagent than CH;Cl,
thereby converting the generated phenolate anion back into
methoxy benzene faster than CH;CL

It is also very interesting to note that the demethylation pro-
ceeds faster in THF than in CH;Cl, and both 2 and 3 can be pro-
duced in essentially pure forms that depend on the reaction time.
As schematically illustrated in Fig. 3, a more detailed 'H NMR-
based analysis on the reaction product 3 produced by using 4
equivalents of TABCI in anhydrous THF shows that the di-
demethylation reaction producing 3 proceeds in two steps with
the first mono-demethylation faster than the second mono-
demethylation (Fig. 2a). It is evidenced that transformation of
~97% of 1 into 2 is achieved in about 30 minutes, while con-
verting 2 into 3 with an accumulated yield of 97% takes more
than 500 minutes.

Expanding the scope of demethylation reactions

Encouraged by the solvent effect on TBACIl-mediated demethy-
lation that produces anionic 2 and 3 in essentially pure forms in
CHCl; and THEF, respectively, we were intrigued to investigate
the products possibly generated by TBACI in other solvents as
well as by other TBA halide salts in varying solvents.

Screening against TBA salts was first carried out in HPLC
grade CHCl3. In CHCIl;, only anionic 2 can be produced in
yields of 99% (TBACI), 84% (TBABr), 52% (TBAI) and 0%
(TBAF) as shown by us previously.” A further screening was
carried out in HPLC grade THE, a solvent where the demethyla-
tion reaction seems to be much faster. From Table 2, the
demethylation efficiencies of these salts in terms of producing 3
can be ranked in the order of TBACI ~ TBABr > TBAF »
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Table 2 Demethylating efficiencies of TBAX-mediated demethylation
on the formation of anionic 3 from pentamer 1¢

Yield” (%)
Entry TBAX Solvent 1 2 3
1 TBAF THF 66 0 34
2 TBACI THF 0 2 98
3 TBABr THF 1 2 97
4 TBAI THF 67 0 33

“Reaction conditions: 1 (0.005 mmol), TBAX (5 equiv, 0.025 mmol),
HPLC grade THF (1.0 mL), 60 °C, 12 h. ® Yields determined by 'H
NMR.

Table 3 Solvent effects of TBACl/Br-mediated demethylation on the
formation of anionic 2 and 3 from pentamer 1

Yield (%)
Entry TBAX Solvent 1 2 3
la TBACI CH;CN 100 0 0
b TBABr 100 0 0
2a TBACI CHCl; 90 (1) 10 (99) 0
2b TBABr 77 (16) 23 (84) 0
3a TBACI DMSO 70 (0) 30 (11) 0(89)
3b TBABr 47 (1) 53(7) 0(92)
4a TBACI DMF (1) 95 (2) 4097)
4b TBABr 7 (0) 89 (5) 4 (95)
5a TBACI THF 0 2 98
5b TBABr 1 2 97
6a TBACI Ethyl acetate 1 6 93
6b TBABr 0@3) 30 (10) 70 (87)
7a TBACI Acetone 61 (1) 39 (2) 097)
7b TBABr 1(2) 72 (2) 27 (96)
8a TBACI Toluene 84 (0) 12 (0) 4 (99)
8b TBABr 1 1 98
9a TBACI Dioxane 1(0) 66 (0) 33.(99)
9b TBABr 1 (0) 33(4) 66 (96)
10a TBACI NMP* 0 85 15
10b TBABr 0 46 54
“Reaction conditions: 1 (0.005 mmol), TBACUBr (5 -equiv,

0.025 mmol), AR or HPLC grade solvent (1.0 mL), 60 °C, 12 h.
b Dichloromethane was not tested due to its low boiling point of
39.6 °C. ¢ Yields determined by 'H NMR. “ The yields in brackets were
obtained by using 20 equivalents of TBACI/Br salts at 60 °C after 48 h.
¢ The use of 20 equivalents of TBACI/Br in this solvent led to a mixture
of anionic pentamers with 3 as the major product.

TBAI Accordingly, TBACI and TBABr were chosen for the
subsequent screening of solvent effects on the demethylation
reactions by employing 5 equivalents of TBACI or TBABr at
60 °C for 12 hours. Among the ten solvents tested, no demethy-
lation occurs in acetonitrile (entry 1, Table 3). Although the
mono-demethylation takes place to low extents in CDCl; with
the use of 5 equivalents of TBACI or TBABE, the reaction pro-
ceeds to much greater extents after two days by using 20 equiva-
lents of either TBAC] or TBABr (entry 2). Similar to TBACI,
monitoring the reaction products by 'H NMR shows that
TBABr-mediated demethylation in CDCl; exclusively affords 2
with a 84% yield (entry 2b) by a mechanism shown in Fig. 3a.
Producing 2 as the major product is also seen when DMSO was
used as the reaction medium: 2 was selectively produced in 30%

and 53% in the presence of 5 equivalents of TBACI and TBABt,
respectively. In DMF, the predominant product generated by
using TBACI and TBABE is also 2 with a very insignificant pro-
duction of 3 (entry 4, Table 3).

The above selective production of 2 by demethylation in
CHCI;, DMSO and DMF was completely suppressed in other
solvents including THF (entry 5), ethyl acetate (entry 6) and
toluene (entry 8b). Under these conditions, the demethylation
reaction is also highly regioselective, giving rise to 3 rather than
4 via 2 as the intermediate pentamer. In all the other entries 7-10
where a mixture of 2 and 3 co-exist in the reaction, 3 is similarly
produced via 2. This can be evidenced by almost quantitative
conversions of 1 into 3 upon increasing the use of TBACI or
TBABr from 5 to 20 equivalents (see yields in brackets of
entries 7-10). A closer look into the solvent effects reveal that
the product distribution pattern produced by TBACI is of the
same general trend as that by TBABr in CH;CN, CHCl;,
DMSO, DMF THF and ethyl acetate (entries 1-6). Specifically,
predominant production of either 2 or 3 can be equally achieved
by using either TBAC] or TBABr. In other solvents including
acetone, toluene, dioxane and NMP (entries 7—10), reciprocal
trends in product distribution are observed in the presence of five
equivalents of TBACI/Br. For example, while 2 is the only
product produced by TBACI in acetone (entry 7a), both 2 and 3
can be obtained by TBABr in acetone (entry 7b). For another
example, 2 as a major product obtained by TBACI becomes the
minor product when TBABEr is used (entries 9 and 10). In short,
except for CH;CN whereby no demethylation occurs and CHCIy
whereby mono-demethylation happens exclusively to produce 2,
pure 3 can be obtained in all the other solvents with the use of
20 equivalents of TBACI/Br.

Computational insights into chemo- and regioselectivity

Initially, we thought that screening the various conditions sum-
marized in Table 3 might make it possible to produce anionic 4
or other anionic pentamers containing more than two phenolate
anions in essentially pure forms for fine-tuning the cation-
binding abilities of anionic pentamers as recently demonstrated
by us.>? It turns out that these TBAX-mediated demethylations
are very selective, eliminating only one or two methoxy methyl
groups at specific positions to produce anionic 2 or 3,
respectively.

As illustrated in Fig. 4a, a total of five anionic conformers can
be generated by removing one methyl group from pentamer 1.
These five conformers can be classified into three conformer
types 2, 2yy and 2yy;. Conformers 2 and 2y both are composed of
two conformers that are equal in energy and experimentally
cannot be differentiated from each other. Chemoselectivity refers
to the selective production of conformer 2, rather than 2;; and
2. This has been proven experimentally. Although the differ-
ence in stability among anionic 2, 2y and 2y is <1.31 kcal
mol™', the energy barriers in THF for transforming 2 into 2y (or
its other energetically equivalent forms) or 2y into 2y (or its
other energetically equivalent forms) were determined to be as
large as 9.34 and 13.00 kcal mol™" (Fig. 4a), respectively, at
the B3LYP/6-311+G(d,p) level. These high energy barriers
stem from (1) strong repulsions among methyl groups and (2)

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 4164-4171 | 4167


http://dx.doi.org/10.1039/c2ob25160d

Downloaded on 16 June 2012
Published on 06 March 2012 on http://pubs.rsc.org | doi:10.1039/C20B25160D

View Online

a)

1= agy o afy
o]
N N N N

B3 o] Qg o %y 3 0
N N N
o o (0]
2 2 2;m
0.00 kcal/mol 1.10 kcal/mol 1.31 kcal/mol

T interconversion

interconversion
energy barrier energy barrier

13.00 kcal/mol

9.34 kcal/mol
b)

TBA'CI

1 TBA'CI 2

\f Io- H Oi S)*0 ﬁjo- H -of ))QO
N N
o o
3 4
)( 0.00 keal/mol 5.62 keal/mol

9.44 kcal/mol | interconversion
energy barrier

et

2 N N
TBA'CI TBA'CI ; o 0:23 o ?3
OTWH £\ R 0 N-H , A H

N
ZIII H ©¥ @( Hﬁo
N
o
4y
1.83 kcal/mol 6.74 kcal/mol

Fig. 4 (a) Mono-demethylation of 1 is chemoselective, producing 2
rather than 2y and 2. (b) Di-demethylation occurs sequentially via 2,
not 2y—2qy, to regioselectively produce 3, but not 4. The energies in
kcal mol™" in (a) and (b) are obtained using THF as the explicit solvent
and normalized against conformers 2 and 3, respectively. (c) Top and
side views of computationally determined transition states, dictating the
inter-conversions between 2 and 2y, between 2y and 2y, and between 3
and 3y; by flipping the methoxy groups in yellow. (d) Side views of the
optimized planar backbones for 2, 2y, 2y, 3, 31 and 4. Other energeti-
cally equivalent mirror-images or isomers are not considered.

Table 4 Computationally derived relative energies among conformers
1-1;v in gas phase and in the explicit solvents using density functional
theory at the B3LYP/6-31G* level with their single point energies
calculated at the level of B3LYP/6-311+G**

Energetic

Relative energles parameters?

(kcal mol™") (kcal mol™")
Solvent (dielectric EII - EIII - EIV -
constant) E; E, E; Ev  Eo  AE°
Gas phase 2.94 3.47 8.03 036 1.83 2091
THF (7.58) 2.68 3.03 6.99 027 1.61 2.42
CHCI3(4.9) 2.59 3.02 6.83 0.27 1.57 240
Acetone (20.7) 2.78 3.11 6.66 0.18 1.57 2.12
CH;CN (36.64) 2.80 297 6.47 0.14 1.54 198
DMSO (46.7) 2.78 3.04 6.34 0.13 1.52 1091

“QObtained by using Mathematica program.’ ? Destabilizing energy

caused by interior methoxy methyl groups.

pentameric backbones that are more twisted in the transition
states (Fig. 4c) than the nearly planar backbones found in 2, 2y
and 2y (Fig. 4d), and suggest that once anionic 2 is produced, it
may stay as the major conformer in solution with 2y and 2y
remaining less than 1%.

Similarly, four types of anionic conformers, i.e., 3, 3y, 4, and
4y can be generated by removing two methyl groups from penta-
mer 1 (Fig. 4b). Please note that 3 and 4y each contain a set of
four energetically equivalent conformers, and 3y and 4 each
contain a set of two energetically equivalent conformers. Since
chemoselectivity of the reaction allows for the production of
conformer 2, the presence of conformers 3y and 4y via either 2y
or 2y as the intermediate pentamer in the reaction is unlikely;
311 and 4y therefore will not be subjected to further discussion.
Regioselectivity then refers to the selective production of confor-
mer 3, rather than 4. This has also been proven experimentally.
In addition to a large difference of 5.62 kcal mol™" in energy in
THF between 3 and 4, the energetic barrier of as high as
9.44 kcal mol™’ (Fig. 4b—d) for transforming 3 into 3y further
suggests 3 as the predominant conformer in solution.

From Fig. 2c, it takes on estimate ~13 and ~120 minutes,
respectively, to convert the first 50% of 1 into 2 and of 2 into 3.
Then why is the first mono-methylation reaction producing 2
rapidly and faster than the second mono-demethylation reaction
that constitutes the rate-limiting step in producing 3 (Fig. 3)?
This difference in reaction rate can be understood on the basis of
(1) ring strain arising from the interior methyl groups, (2) the
repulsive interactions between methoxy O-atoms and negatively
charged phenolate O-atoms, and (3) strong electrostatic repulsion
between negatively charged phenolate O-atoms.

As discussed below in the section of “Origin of chemo-
selectivity”, repulsive ortho CHj;---CH; and meta CHj---CHjy
interactions each destabilize pentamer 1 by 1.52-1.61 and
0.13-0.27 kcal mol™' (Table 4), respectively. That is to say,
transforming 1 to 2 by the first mono-demethylation reaction
therefore results in a release of ring strain worth 1.65-2.19 kcal
mol ™" upon eliminating one Eq, and one Ey; interaction (Fig. 4a
and 5a). This process is unfavorably accompanied by the two
repulsive interactions among the newly generated negatively
charged phenolate O-atoms and its two neighboring methoxy
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Fig. 5 Computationally optimized four conformers derived from penta-
mer 1 that are dependant on the orientation of the interior methoxy
methyl groups in the gas phase. (a) Structure of conformer 1y; Eg =
repulsive interaction between the two methyl groups in ortho positions;
Ey; = repulsive interaction between two meta-methyl groups; one Eq
and three E), interactions can be found in 1;. (b) Top and side views of
the computationally optimized structure of conformer 1y. (c—d) Ab initio-
optimized structures of conformers 1y—1yy with their relative energies
normalized against the most stable conformer 1. Their relative energies
in kcal mol™" in the gas phase are normalized against the most stable
conformer 1;. Swapping the interior methyl groups yields mirror-images
of another four conformers 1;—1yy that are equal in energy and not con-
sidered here.

O-atoms (distances among the ortho O-atoms ~3.4 A). Com-
paratively, producing 3 from 2 (Fig. 4b) in the second mono-
demethylation step allows the release of a much smaller ring
strain worth about 0.13-0.36 kcal mol™" by removing one Ey
interaction; this process undesirably introduces four repulsive
interactions among two phenolate O-atoms and two adjacent
methoxy O-atoms as well as one additional repulsive interaction
between two phenolate O-atoms (distance = 5.6 A). The immedi-
ate implication from this increased energetic penalty associated
with the second mono-demethylation process is a slower reaction
rate as compared to that of the first mono-demethylation process.

Origin of chemoselectivity

In this section, we will use ab initio quantum mechanics to help
provide some energetic insights into the origin of the chemos-
electivity that leads to the selective production of anionic 2
rather than its other closely related conformers 2y; and 2. The
computational work was carried out at the level of B3LYP/
6-31G* with the single point energy calculation carried out at
the B3LYP/6-311+G(d,p) level.®

As elaborated below, it is the repulsive interactions among the
interiorly arrayed hydrophobic methyl groups (Fig. 1b—c) that

are responsible for the observed chemoselectivity, leading to the
preferred formation of energetically more stable anionic 2.

The H-bond enforced circular pentamer 1 contains two inter-
iorly aligned hydrophobic caps made up of two and three methyl
groups, respectively, covering either side of the pentamer plane
(Fig. 1b, lc and 5).> The hydrophobic nature and bulkiness of
the methyl groups on the same side make these methyl groups
repel each other, leading to a slightly twisted non-planar back-
bone and destabilizing the molecule to a certain degree. These
repulsive CH3---CHj interactions engaging methyl groups can be
classified to have two types according to whether the interacting
methyl groups are ortho (Eo, Fig. 5a) or meta (E\;, Fig. 5a) to
each other, with the former being stronger than the latter. To
quantify the values of these repulsions, the computationally
derived relative energies were used with the assumptions being
that (i) the same type of repulsive interaction destabilizes the
pentamer to an equal extent and (ii) the cross-plane interactions
among methyl protons can be neglected. In Fig. 5, a total of four
different conformations for circular pentamer 1, depending on
the orientation of interior methoxy groups, were fully optimized
using density functional theory at the B3LYP/6-31G* level in
gas phase. Circular conformer 1y, bearing five methoxy groups
spatially arranged in an up—down—up—down—up fashion, is found
to be the most stable and the only conformation that is also
found in the solid state. The other three conformers 1y—lpy
possessing alternative side chain orientations, are destabilized by
2.9-8.0 kcal mol™" with respect to 1; (Fig. 5c—e and Table 4).
The same calculation was then extended to some selected
solvent systems to examine the solvent effect on the energetic
profiles of CH3---CHj interactions (Table 4).

By defining E = energy of 1 in the absence of repulsive inter-
actions among interior methyl groups, Eo = destabilizing energy
resulting from ortho-methyl groups, Ey\; = destabilizing energy
resulting from meta-methyl groups, u = methyl group in up pos-
ition, and d = methyl group in down position, the energies of the
four conformers in Fig. 5 can be expressed as follows:

E = Energy of 1 in the absence of CHj;---CHj interactions

Ey=E — Eo — 3E\ for 1; with a uduud arrangement

Ey=E — 3Ep — Ey for 1y with a uuudd arrangement

Ey =E — 3Eq — 3Ey for 1y with a uuuud arrangement

Eyy =E — 5Eq — 5Ey for 11y with a uuuuu arrangement

The above equations can be rearranged as eqn (1)—(4), where
all the E values are taken as positive values, and AF is the desta-
bilizing energy caused by interacting methyl protons in confor-
mer 1y that involves one Eg and three Ey:

Eo+3Eym =E —E=AE (1)
3Eo + Ey = Ey — E = AE + (Ey — EY) ()
3Eo + 3Eym = Enq — E = AE + (Ey — EY) 3)
5Eo + 5Eyq = Ery — E = AE + (Eyy — E)) (4)

The relative energies among the four conformers I-IV in both
the gas phase and explicit organic solvents of varying types were
calculated and listed in Table 4. Substituting these relative ener-
gies into eqn (1)—(4), followed by fitting the resulting equations
using Mathematica program,’ yielded the respective values for
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Table 5 Computationally derived relative energies, AE, among various
conformers in THF at the B3LYP/6-31G* level with their single point
energies calculated at the B3LYP/6-311+G** level vs. AE* that refers to
the relative energies obtained by substituting the £\, and Eq values into
the equations expressing a difference in £y and Eq interactions as
observed in the conformers

2 -2y 2 -2 3-3y 4—dy
AE (keal mol™) ~1.10 -131 ~1.83 -1.12
AE* (kcal mol™") ~1.61 ~1.34 ~1.88 ~1.34
Relative error” 32% 2.2% 2.7% 16%

“Defined as (AE — AE*)/AE*.

Eo, Ey and AE compiled in Table 4. Inspection of data from
Table 4 reveals that the interacting energy between meta-methyl
protons, Eyy, is quite sensitive to solvent polarity and decreases
upon increasing solvent polarity from benzene to DMSO, while
solvents exert much less influence onto the interaction between
ortho-methyl protons. The respective values of Eq and Ey; in
THF were determined to be 1.61 and 0.27 kcal mol™". That is to
say, every repulsive ortho or meta CHs---CHj interaction desta-
bilizes 1 by 1.61 or 0.27 kecal mol™", respectively. In other sol-
vents, the Eo and Ey; range from 1.52-1.83 kcal mol™! and
0.13-0.36 kcal mol™", respectively. From these values, it can be
estimated that the five interior methyl groups energetically desta-
bilize 1 by about 2-3 kcal mol™" regardless of solvents used.
Therefore, if the mono-demethylation takes place at one of the
two methoxy methyl groups that are ortho to each other from the
more crowded site, resulting in the formation of anionic 2 where
one ortho and one meta CHj;---CHj; interactions are eliminated,
the folding-induced strain can be maximally released with regard
to the removal of any one of the other three methoxy groups that
eliminates only meta CHj;---CHj interaction, producing either 2y
or 2y (Fig. 4). From Fig. 4, it can be seen that 2, 2y and 2y
contain 2FE\;, 2E\; + 1Eqo, and 1Ey + 1Eq, respectively. The
absence of Eq repulsion in 2 makes 2 energetically more stable
than 2y and 2y by 1.52-1.83 and 1.30-1.47 kcal mol ™!,
respectively. This partially explains why TBAX is able to
demethylate the methoxy methyl group(s) in 1 that are quite
crowded, but not the methoxy methyl group in monomer 5, a
macrocyclic repeating unit of 1 as recently reported by us.”” A
decreased nucleophilicity of the phenolate anions that participate
in the formation of stronger intramolecular H-bonds® constitutes
another reason why TBAX can mediate the removal of methoxy
methyl groups and the resultant phenolate anions do not easily
undergo further alkylation with the in situ generated CH3;X
molecules.

The dependability of the values for Ey; and Eq derived on the
basis of the various conformers of 1 by using the Mathematica
program can be scrutinized by cross-checking with the relative
energies among conformers 2, 2y; and 2y, between conformers 3
and 3y, and between conformers 4 and 4y that were solely deter-
mined by ab initio computation at the B3LYP/6-31G* level with
their single point energies calculated at the B3LYP/6-311+G**
level in THF. From the data compiled in Table 5, it becomes
clear to us that the values for Ey\; and Eg listed in Table 4 can be
used to reliably estimate the relative stabilities among various
conformers (Table 5). Even though the presence of negatively

charged O-atoms possibly may result in large discrepancies
between AE and AE*, such a discrepancy is only observed
between 2 and 2y In the other three cases studied, the relative
errors between the computationally determined (AE) and esti-
mated (AE*) values are much smaller, an evidence of good
reliability of the values obtained for Ey; and Eo. Correspond-
ingly, this reliability strongly substantiates the calculated value of
2-3 keal mol™", accounting for the destabilization of the aro-
matic 1 by its five interior methyl groups. Of further note is that
anionic 2y is even more stable than 2y for a reason we don’t
know yet.

Origin of regioselectivity

Considering a difference of 13.14, 6.55, 5.62, 3.24 and 3.03 kcal
mol™" in energy between anionic 3 and 4 (Fig. 4b) in the gas
phase, CHCl;, THF, CH;CN and DMSO, respectively, the regio-
selective transformation of 2 into 3 rather than 4 becomes very
obvious: the process producing 3 is energetically more advan-
tageous than that producing 4 by 3.03—13.14 kcal mol™". There-
fore, after the first chemoselective demethylation reaction, the
second region-selective demethylation preferentially takes place
at the methoxy group meta to the first demethylation site, avoid-
ing producing strongly repulsive ortho O-atoms. The existence
of strongly repulsive interactions arising from the two negatively
charged ortho O-atoms can be substantiated by a small differ-
ence of 1.25 kcal mol™" in energy in THF between pentamers 3
and 4 in their doubly protonated forms where the two phenolate
anions are protonated to re-generate two neutral hydroxyl
groups, resulting in the elimination of repulsive interactions
between negatively charged anionic O-atoms. Furthermore,
despite the fact that anionic 3 is computationally more stable
than anionic 4 by 5.62 kcal mol™" in THF, the doubly protonated
pentamer 4 turns out to be more stable than the doubly proto-
nated pentamer 3 by 1.25 kcal mol™" in THF,

Conclusions

We document here an efficient demethylation protocol based on
the use of TBACI/Br to achieve the chemo- and regioselective
removal of the interior methoxy methyl groups, transforming
aromatic pentamer 1 into anionic 2 or 3 in almost quantitative
yields in varying solvents. The TBAX-mediated demethylation
takes place largely as a result of (1) steric hindrance among
interior methyl groups that destabilizes the molecule by 2-3 kcal
mol™" and (2) a decreased nucleophilicity of the resultant
phenolate anions that participate in the formation of stronger
intramolecular H-bonds.> By combining with the one-pot syn-
thesis of pentamer 1 and other analogous pentamers in one step
in ~50% yields,*” the currently established TBACI/Br-mediated
demethylation protocol now allows for the generation of anionic
2 or 3 in just two steps with an overall yield approaching 50%.
This “greener” production compares very favorably with the
stepwise procedure previously reported by us that involves more
than 16 steps in less than 1% yields after months of effort.> The
ease of synthetic access to anionic pentamers such as 3 (perhaps
4°? in the near future) is important given their proven abilities
to tightly bind alkali metal ions, and to differentiate between

4170 | Org. Biomol. Chem., 2012, 10, 4164-4171

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob25160d

Downloaded on 16 June 2012
Published on 06 March 2012 on http://pubs.rsc.org | doi:10.1039/C20B25160D

View Online

Na“/K" and Rb*/Cs" ions in a highly selective fashion.>? This
provides a strong drive for us to explore different methodologies
in order to efficiently generate pentamers containing alternative
arrays of hydroxyl groups in their cation-binding interiors to
fine-tune their cation-binding affinities and selectivities. The
availability of these diverse demethylation protocols should
greatly facilitate the speedy evolution of cation-binding penta-
mers and eventually synthetic ion channels that can discriminate
Na" against K" ions, both of which are biologically important.
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