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Sn2 Regioselectivity in the Esterification of 5- and 7-
Membered Azacycloalkane Quaternary Salts: A DFT Study
to Reveal the Transition State Ring Conformation
Prevailing over the Ground State Ring Strain

Akihiro Kimura,® Susumu Kawauchi, *® Takuya Yamamoto,? Yasuyuki Tezuka*®

Abstract: The nucleophilic esterification on 5- and 7-membered N-phenylcyclicammonium salts
resulted in distinctive regioselectivity, despite their compareble ring strain at the ground states
relevant to the corresponding cyclopentane and cycloheptane (both 25.9 kJ/mol). The former
underwent a selective ring-opening reaction, while the latter caused predominant ring-emitting
with concurrent ring-opening reactions. A DFT study of the model compounds revealed that
the regioselection in the respective 5- and 7-membered azacycloalkane quaternary salts is
plausibly directed by the transition state ring conformation, but not by the ground state ring
strain. Remarkably, at the ring-opening transition state, the 5-membered cyclic skeletal
structure expands toward the unstrained and thus less frustrated 6-membered cyclohexane
conformation. On the other hand, the 7-membered counterpart expands at the ring-opening
transition state toward the more frustrated 8-membered cyclooctane conformation, to

promote the alternative ring-emitting process.

Introduction

The ring strain conception has served over a century after Baeyer! as
a basis to understand the chemical reactivity of cyclic compounds.?
The ring strain has intuitively been assumed as a decisive mechanistic
element of any ring systems in organic chemistry, in biochemistry and
in polymer chemistry.>* Typically, the nucleophilic and selective
ring-opening reactions by 3-, 4-, and 5-membered cyclic oxonium,
sulfonium, and ammonium salts by various nucleophiles have been
exploited in a wide variety of practical chemical processes including
cationic ring-opening polymerization.>  Carboxylate anions, in
particular, have been employed in routine esterification processes to
form ether esters, thioether esters, and amino esters.® In particular,
the controlled ring-opening esterification of 5-membered ammonium
salt groups introduced at the polymer chain ends has been exploited
to construct complex polymer architectures through an electrostatic
self-assembly and covalent fixation (ESA-CF) technique.” Moreover,

2Department of Organic and Polymeric Materials, Tokyo Institute of
Technology, Ookayama, Meguro-ku, Tokyo, 152-8552, Japan, E-
mail:ytezuka@o.cc.titech.ac.jp, skawauchi@polymer.titech.ac.jp

T Electronic  Supplementary  Information (ESI) available. See
DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry 2013

the ESA-CF process has been demonstrate as an effective means for
the surface functionalization of fabrics and films.®

The ring strain has also been elucidated through theoretical and
computational means,®® and in particular, the DFT and experimental
study on the esterification of 6-membered, thus intuitively considered
unstrained, azacyclohexane quaternary salts by carboxylate anions
showed unexpectedly that the nucleophilic substitution reaction
proceeds predominantly at the endo-position to cause the ring-
emitting reaction.!® ' Moreover, a selective ring-emitting
esterification has been achieved with a 3,3-dimethyl-substituted
azacyclohexane derivative unit introduced at the polymer chain ends,
to form a simple ester linkage, in contrast to the selective ring-opening
process by strained 5-membered ammonium salts to form less robust
amino-ester linkages.!* This ring-emitting reaction process has
subsequently been applied to prepare polymer samples having a
fluorescent probe unit with simple ester linkage, which is non-
quenching and thus suitable to the single molecule spectroscopy
measurements. *2

The DFT analysis on the transition state structures at the ring-
opening and at the ring-emitting process was subsequently performed
in order to elucidate this counterintuitively predominant ring-emitting
esterification by unstrained azacyclohexane quaternary salts.'* And
it has been revealed that the transition state ring conformation rather
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Scheme 1. Reactions of poly(THF)s having 5- and 7-membered cyclic ammonium salt end groups with a series of carboxylates having different

nucleophilicity, and model compounds for DFT calculations.

than the ground state ring strain tends to direct the regioselection in
this nucleophilic substitution process. In order to obtain further
insights in the Sn2 regioselectivity involving the strained/unstrained
ring systems, we have now conducted a combined experimental and
DFT study to address a puzzling regioselectivity in the nucleophilic
esterification/substitution reactions of 5- and 7-membered cyclic
ammonium salts, having the comparable ring strain energies each
other, corresponding to cyclopentane and of cycloheptane (both 25.9
kJ/mol).2® In this connection, the different regioselectivity in the
relevant 5- and 7-membered oxonium and sulfonium salts was
postulated experimentally,'* %5 in particular in order to account for the
cationic ring-opening polymerization kinetics of 5-membered (THF)
and 7-membered (oxepane) cyclic ethers.’> We show herein, upon
the DFT calculation of model compounds, that the regioselection in
the SN2 reactions is, in principle, directed by the transition state ring
conformation rather than the ground state ring strain.

Results and Discussion

Experimental and DFT Analyses on the Sn2 Regioselectivity in
the Esterification of 5- and 7- Membered Azacycloalkane
Quaternary Salts.

The regioselectivity in the nucleophilic substitution on 5- and 7-
membered cyclic ammonium salts was first examined experimentally
by a series of carboxylate anions of varying nucleophilic reactivities,
including benzoate (pKa = 4.20), as well as p-methoxy (pKa = 4.47),
and p-nitro (pKa = 3.42) derivatives. Thus, poly(THF)s of M = 4800
having either 5- or 7-membered cyclic ammonium salt end groups (1
and 2, respectively) were prepared, where the phenyl substituent was

2| J. Name., 2012, 00, 1-3

purposely introduced on the nitrogen atom in order to prevent the
substitution reaction on this specific position (Scheme 1).16

These polymeric reagents, 1 and 2, were readily soluble in various
organic media though possessing the ionic end groups. Thereby, the
nucleophilic substitution reaction by various carboxylates was carried
out in THF, where the anion is dehydrated to form a “naked”
nucleophile to promote the reaction.’” The polymer substrates, 1 and
2, carrying triflate counteranions, were treated with an excess amount
(10 equiv) of tetra-n-butylammonium salts of benzoate or p-
methoxybenzoate to produce poly(THF) having ester end groups, 1a,
1b, 2a, and 2b, via a nucleophilic substitution reaction. In case of the
reaction with p-nitrobenzoate to give the ring-opening or ring-
emitting products, 1c and 2c, on the other hand, the initial triflate
counteranions in 1 and in 2 were first replaced by the ion-exchange

Table 1. Experimental Ring-opening/Ring-emitting Product Ratios
(op/em) and Estimated Transition State Free Energy Differences
(AAG*em - op) in the Esterification on 5- and 7-Membered
Azacycloalkane Quaternary Salts by a Series of Benzoate Anions.

Ring-opening or Estimated

ring-emitting Substrate® I(B)?)r:;oates op/em  AAG%em_op
product (kd/mol)©

la 1 H 100/0 >15.0

1b 1 OCH; 100/0 >15.0

1c 1 NO, 100/0 >15.0

2a 2 H 35/65 -1.7

2b 2 OCH, 38/62 -1.4

2c 2 NO, 37/63 -15

[a] See Scheme 1. [b] X in Scheme 1. [c] The op/em and AAG%em _ o Values
were interconverted each other by using the equation: AAGPem - op =
RTIn(op/em) with R = 8.3145x10° kJ/mol K and T = 339.15 K, which is the
reflux temperature of THF as in the experimental conditions.

This journal is © The Royal Society of Chemistry 2012
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Table 2. Calculated Transition State Free Energy Differences (AAG”em - op) and Estimated Ring-opening/Ring-emitting Product Ratios (op/em)
in the Esterification on 5- and 7-Membered Azacycloalkane Quaternary Salts by a Series of Benzoate Anions.

AAG e op (KI/mol) op/em®
Method 1a  1b 1c  2a 2b 2 1a 1b 1c 2a 2b 2c
CAM-B3LYP/6-31+G(d) 79 74 51 20 11 15 946 9317 86/14  33/67  40/60  37/63
CAM-B3LYP/6-31+G(d, p) 80 - - a6 - - 94/6 - - 3664 — -
CAM-B3LYP/6-311++G(2d, 2p) 87  — - 13 - - 96/4 - - 39661 - -
B3LYP/6-31+G(d) 73 54 99 25 25 34 937 87/13  97/3 2071 2071 23077
B3LYP/6-31+G(d, p) 78 - - 27 - - 94/6 - - 2872 - -
B3LYP/6-311++G(2d, 2p) 79 - - 21 - - 94/6 - - 32068 - -
©B97X-D/6-31+G(d) 48 49 39 19 47 43 85/15  85/15  80/20  66/34  84/16  82/18
©B97X-D/6-31+G(d, p) 46 - - 24 - - 84116 — - 7030 - -
©B97X-D/6-311++G(2d, 2p) 49 - - 2.8 - - 85115 - - 7307 - -
MO06-2X/6-31+G(d) 75 67 76 10 18 3.0 9377 91/9 94/6 50/41 65135  74/26
MO06-2X/6-31+G(d, p) 74 - - 13 - - 9317 - - 6139  — -
MO06-2X/6-31++G(2d, 2p) 72 - - 13 - - 9377 - - 6139 -

[a] The op/em and AAGZen, _ o values were interconverted each other by using the equation: AAG”en _op = RTIN(0p/em) with R = 8.3145x107 kJ/mol K and T =
339.15 K, which is the reflux temperature of THF as in the experimental conditions.

reaction in order to avoid side reactions encountered by the direct
reaction with the tetra-n-butylammonium p-nitrobenzoate.’® The
products were collected by reprecipitation, and subjected to *H NMR
analysis to determine the regioselectivity in these reactions (Figures
S1 and S2 in Supporting Information). The ring-opening/ring-
emitting reaction ratio (op/em) was readily estimated by comparing
the signals arising from the benzoate groups at 6.9-8.3 ppm (benzoate
at 7.4-8.1 ppm, p-methoxybenzoate at 6.9-8.0 ppm, and p-
nitrobenzoate at 8.2-8.3 ppm, respectively) and methylene groups
adjacent to the ester oxygen atoms at 4.3-4.4 ppm with those from
the N-phenyl groups at 6.6—7.2 ppm.

As summarized in Table 1, the 5-membered cyclic ammonium
salt caused a selective ring-opening reaction, while the 7-membered
counterpart did the predominant ring-emitting with concurrent ring-
opening reactions. The regioselectivity was scarcely affected by the
type of benzoates having different nucleophilicity. Notably, a 5-
membered cyclic sulfonium salt also undergoes a selective ring-
opening reaction with carboxylate anions at an ambient
temperature.®

We then performed a DFT study by employing a variety of
functionals, including B3LYP,? CAM-B3LYP,?* ®B97X-D?, and
MO06-2X%, to estimate the transition state energies of the ring-
opening and ring-emitting reactions. For the DFT calculation, the 5-
and 7-membered compounds having an ethyl group (I and II,
respectively, shown in Scheme 1) were employed in place of the
polymer chains, as the ethyl group is sufficiently representative of
polymer chains. The optimized transition state structures were
verified to have only one imaginary frequency indicating the reaction
coordinate by harmonic vibrational frequency calculations with 6-
31+G(d) basis set (see Supporting Information for details).?% 24 At
each functionals, a hierarchical series of other two Gaussian-type
basis sets, i.e., 6-31++G(d, p) and 6-311++G(2d, 2p), were also used
at single point computations. The continuum conductor-like
polarizable continuum model (CPCM, COSMO)?® was employed to
include a solvent effect of THF to fit with the experimental
conditions.?®  All the calculations were carried out by using the
Gaussian 09 program.?’

The calculation results on the transition state free energy
differences (AAG”em — op) Were obtained at 339.15 K and 1 atm by
using statistical thermodynamics,?® and the op/em ratios estimated
thereby, are collected in Table 2. The calculation results by B3LYP,
CAM-B3LYP, or M06-2X for the 5-membered cyclic ammonium

This journal is © The Royal Society of Chemistry 2012

model, 1, agree reasonably well each other and importantly also with
experimental values, while a slight deviation from the result by
®B97X-D. For the calculation of the 7-membered azacycloalkane
model, 11, on the other hand, the results obtained by B3LYP and by
CAM-B3LYP were consistent with the experimental op/em ratios,
while neither of ©B97X-D nor M06-2X could reproduce the
experimental results employing three types of nucleophiles.
Additionally, the 6-31++G(d, p) and 6-311++G(2d, 2p) basis sets
were applied to estimate the energies of AAG”em - op by higher
precision. As a result, however, each higher level of basis sets
showed closely relevant results obtained by 6-31+G(d). Upon these
calculation, in particular by means of B3LYP and of CAM-B3LYP,
it was confirmed that the regioselectivities are unlikely directed by
the ground state ring strain energies of 5- and 7-membered
azacycloalkane quaternary salts, both presumably close to 25.9
kd/mol of cyclopentane and of cycloheptane .

Moreover, the values of AAG?em - op estimated from the
experimental op/em ratios were consistent with calculated ones, not
only upon the extent of regioselectivities, but also upon the little
influence of the regioselectivity by varying the nucleophilic reactivity
of benzoate anions. Thus, the 5-membered cyclic ammonium salts in
the polymer substrate, 1, underwent the selective ring-opening
reaction, corresponding to the AAG7em - op OF higher than 15.0 kJ/mol.
The DFT calculation by the corresponding model compounds, I,
showed the AAG”em—op Of 7.3-7.9 (X = H), 5.4-7.4 (X = OCHBa), and
5.1-9.9 (X = NO2) kJ/mol from B3LYP, CAM-B3LYP, and M06-
2X functionals by three types of benzoate anions, respectively,
indicating nearly quantitative ring-opening reaction.

More importantly, the 7-membered cyclic ammonium salt, having
a ring strain energy comparable with that for the 5-membered
counterpart, underwent predominant ring-emitting with concurrent
ring-opening reactions (op/em = 35/65 (X = H), 38/62 (X = OCHp3),
and 37/63 (X = NO3) by three types of benzoate anions, respectively).
And the DFT calculation results by the corresponding model
compounds, I, with AAG#em—op 0f —2.5 0r 2.0 (X =H), -2.50r -1.1
(X =0OCHs), and -3.4 or -1.5 (X = NOz2) kJ/mol, respectively from
B3LYP and CAM-B3LYP, were again consistent with —1.7 (X = H),
—1.4 (X =0CHpg), and 1.5 (X = NO2) kd/mol, respectively, estimated
from the experimental op/em ratios by a series of the polymer
substrates, 2. These results indicate that B3LYP and CAM-B3LYP
could reasonably reproduce the experimental observations and the
present regioselection is likely caused by kinetic (transition state

J. Name., 2012, 00, 1-3 | 3



Organic & Biomolecular Chemistry

top view side view Newman projection
@ 4.8 21.6°
1.52A 1.52A A
\ _.Nl CO (etrw! unit) A \{T o5 c2 N‘I; ‘ c3
3 8// ~¢— A LI & c4
I(gs) c2\ jcs VLQ s .§J
A [ J I 2 7 J
CJJ.’ : ’f" ) ’ £C2C3CACS £ C3CACEN1
Qph 156"

149A },—— CD (othyl unit)

¢ aal” N1 -
I(em) =\ yc% J
csfb o)

J

\.:—0 ‘/03 Ca—
2D
‘_,——& v \/ s

C3

ﬁ 33.1
ot CS \
G2 NI@L

d £LCCICAC5  LC3ICACHN1

p,ﬁ ~co (athy! unit)
206A B A

450 i 4941
’ \ @C2 e W
149A b.' ca A TN\e

at-%N, @ W
Y ’ F ) s 4

4 4
4

9 LC2CICACS L CICACSNT

Figure 1. DFT-optimized ground state, I(gs), the ring-emitting, I(em), and the ring-opening, I(op), transition state structures of the
esterification by benzoate upon N-phenylazacyclopentane quaternary salt (1) from CAM-B3LYP functionals, and the Newman projections
along the skeletal C-C bonds. The benzoate anion is omitted for the sake of clarity. The projections of N1-C2, C2-C3 and C5-N1 bonds are not

shown as these are involved in the esterification reactions.

energy) factors, but not simply by the ground state ring strain energies
of the involved azacycloalkanes.

DFT Studies on the Transition State Conformations in the
Esterification of 5- and 7-Membered Azacycloalkane Quaternary
Salts.

The reaction mechanism of Sn2 processes have extensively

studied by means of DFT technique.?® In this work, the DFT-
optimized ground state and transition state structures either toward
the ring-emitting or toward the ring-opening Sn2 processes by the
benzoate anion were compared to elucidate the observed
regioselectivity. The top and side views as well as Newman
projections along the skeletal C-C bonds for the respective
conformational structures for the 5-membered model compound,
1(gs), I(em), and I(op), and for the 7-membered counterpart, 11(gs),
I1(em), and Il(op) optimized by CAM-B3LYP, are presented in
Figures 1 and 2, respectively.
As seen in Figure 1 (top and middle, respectively), the skeletal
azacyclopentane conformation of | was scarcely affected throughout
from the initial ground state, 1(gs), toward the ring-emitting transition
state, I(em), despite the elongation of the N1-CO distance to 2.07 A
from 1.52 A. And from the Newman projections along the C3-C4
and C4-C5 honds, the only marginal increase of the torsional angle
were observed from 4.8° to 15.6° and from 21.6° to 33.1°, respectively
(Figure 1, top and middle). These results indicate that the eclipsing
strain has scarcely been released during the ring-emitting process.

For the ring-opening process with 1, the nucleophilic attack of
carboxylate anion takes place either on the C2 or on the C5 position,
while both convergently resulting in the common ring-opening

4| J. Name., 2012, 00, 1-3

transition state, 1(op), shown in Figure 1 (bottom). The significant
conformational rearrangement was observed from the ground state,
1(gs), as seen typically in the Newman projections along the C3-C4
and C4-C5 bonds. The notable increase of the torsional angle was
observed from 4.8° to 45.0° and from 21.6° to 49.1° (with crossing
across the fully eclipsed position), respectively, along with the ring
expansion through the elongation of the N1-C2 distance to 2.06 A
from 1.52 A, The release of the eclipsing strain toward the ring-
opening transition state is thus evident and is consistent with the
selective ring-opening reaction.

Moreover, it has been revealed that the skeletal structure is
transformed at the ring-opening transition states 1(op) toward a chair-
form conformation of 6-membered cyclohexane (Figure 3, top). The
two structures were then compared quantitatively by the positional
matching analysis with Excel Solver to minimize the sum of
interatomic distances of the skeletal C/N atoms in I(op) and
cyclohexane, from which one arbitrary atom was omitted for the sake
of comparison. The average interatomic distance was as small as 0.13
A between 1(op) and cyclohexane, and was comparable to 0.14 A
between I(op) against 1(gs). As cyclohexane is free of the ring strain,
the conformational frustration is reduced at the ring-opening
transition state, I1(op), from the ground state, 1(gs), and also against
the ring-emitting transition state, 1(em). Hence, the selective ring-
opening reaction of the 5-membered quaternary ammonium salts is
reasonably explained.

The 7-membered counterpart, 11, possessing two substituents at
nitrogen atom, assumed a chair (C) conformation at the ground state,
11(gs) (Figure 2, top).®® Toward the ring-emitting transition state,
I1(em), the skeletal structure of the azacycloheptane retains the C
form conformation despite the elongation of the N1-CO distance to

This journal is © The Royal Society of Chemistry 2012
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Figure 2. DFT-optimized ground state, ll(gs), the ring-emitting, ll(em), and the ring-opening, ll(op), transition state structures of the
esterification by benzoate upon N-phenylazacycloheptane quaternary salt (1) from CAM-B3LYP functional, and the Newman projections

along the skeletal C-C bonds.

The top and side views are arranged to allow the direct visual comparison of the respective skeletal

conformations. The benzoate anion is omitted for the sake of clarity. The projections of N1-C2, C2-C3 and C7-N1 bonds are not shown as

these are involved in the esterification reactions.

2.06 A from 1.51 A (Figure 2, middle). Notably, however, the
conformational rearrangement was observed at each skeletal carbon,
as typically seen in the Newman projections along the C6-C7 bond
(the torsional angle from 55.4° to 92.3°, enhancing the eclipsing strain
with crossing across the fully eclipsed position) and the C5-C6 bond
(the torsional angle from 16.6° to 65.2°, reducing the eclipsing strain).
Further, the Newman projections along the C3-C4 and the C4-C5
bonds showed the small change of the torsional angle toward the
staggered position, to imply the release of the eclipsing strain during
the ring-emitting process. This could be accounted for by the
reduction of the through-space interaction at the transition state by
releasing the ethyl group on the nitrogen atom through the elongation
of the N1-CO bond.

For the ring-opening process of 11, the nucleophilic attack by the
carboxylate anion takes place either on the C2 or on the C7 position,
while as in the case of I, either process convergently resulting in a
common transition state, 11(op). And the significant conformational
rearrangement was observed toward the ring-opening transition state,
I1(op), from the ground state, 11(gs), as typically seen in the Newman
projection along the C6-C7 bond (the torsional angle from 55.4° to
75.4° with crossing across the fully eclipsed position, as observed in
the ring-emitting transition state), and the C5-C6 bond (the torsional
angle from 16.6° to 91.2°). Moreover, the C3-C4 bond experienced
the torsional angle change from 79.9° to 46.8° with crossing across
the fully eclipsed position, along with the ring expansion through the
elongation of the N1-C7 bond to 2.08 A from 1.53 A. In total, any
preference of either two transition states, toward the ring-opening
transition state, 11(op), or toward the ring-emitting transition state,

This journal is © The Royal Society of Chemistry 2012

11(em), is not obvious from these changes in the torsional angles
along each skeletal C-C bonds. And these results accord with the
concurrent ring-emitting and ring-opening reactions for the 7-
memberted quaternary ammonium salts.

The skeletal structure toward the ring-opening transition states,
11(op), was subsequently compared with that of an 8-membered
cyclooctane (Figure 3, bottom). It is important to note that
cyclooctane has higher ring strain energy of 40.1 kJ/mol™3! than the
7-membered counterpart (25.9 kJ/mol), and assumes one of the three
different conformations of minimal energies at the ground state. And
it was shown that the skeletal structure of 11(op) is closely relevant
to a twist boat-chair (TBC) form of cyclooctane.®® These structures
were then compared by the positional matching analysis, as in the
case between I(op) and cyclohexane. The average interatomic
distance was determined as small as 0.13 A, and was even smaller
than 0.25 A between 11(op) against 11(gs). As cyclooctane is more
strained than cycloheptane, the ring-opening transition state should
experience the excessive activation energy in comparison with the
ring-emitting counterpart. In the preceding study,'* we have shown
that the 6-membered quaternary ammonium salt also undergoes the
predominant ring-emitting esterification by the op/em ratio of 15/85
against the current 35/65 for the 7-membered counterpart. The
azacyclohexane conformation experiences little skeletal change
toward the ring-emitting transition state from the ground state (Figure
S3, top and middle). In contrast, the ring enlargement proceeds
toward the ring-opening transition state by the elongation of the N1-
C2 bond, to cause the bond angle deformation, as shown in Figure 3
(middle). And remarkably, the transition state skeletal structure was

J. Name., 2012, 00, 1-3 | 5
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azacycloheptane ground state, ll(gs), its ring-opening transition state, ll(op), and with a hypothetical atom (grey ball), and cyclooctane.

again closely relevant to the C form conformation of cycloheptane,
while the Newman projections (Figure S3, bottom) failed to show any
excessive eclipsing strain. The extent of the structural frustration
caused by the transformation from the 6- to 7-membered ring
conformation is considered to be eminent in comparison with that
from the 7- to 8-membered counterpart. This might account for the
experimental results of the higher regioselectivity in the ring-emitting
process by the 6-membered azacyclohexane quaternary salts in
comparison with the process by the 7-membered counterpart.

Furthermore, the DFT study on the ground states and their ring-
opening transition state structures of the 5- and 7-membered
thiocycloalkanes was performed as a comparison purpose. As shown
in Figure S4, the skeletal structures of 5-, and 7-membered
thiocycloalkanes toward their ring-opening transition states were, as
in the cases of 5- and 7-membered azacycloalkanes, again observed
to be transformed into the relevant 6- and 8-membered counterparts
(cyclohexane and cyclooctane, respectively).

Conclusion

To conclude, the present DFT and experimental study demonstrated
that the regioselection in the nucleophilic esterification of the 5- and
7-membered azacycloalkane quaternary salts is likely directed by the
transition state ring conformation rather than the ground state ring
strain. It has been shown, for the first time, that the ring-opening
transition state, the skeletal conformation of the 5-membered cyclic
ammonium salts transforms close to the unstrained and thus
energetically favored cyclohexane conformation, while that of the 7-
membered counterparts to the more frustrated cyclooctane
conformation, respectively.

Experimental Section
Materials

The preparation of poly(tetrahydrofuran), poly(THF), having 5-
membered cyclic ammonium, N-phenylpyrrolidinium, salt end

6 | J. Name., 2012, 00, 1-3

groups (1) and the subsequent esterification reactions either by
benzoate, by p-methoxybenzoate and by p-nitrobenzoate were
described before.l*®!  N-phenylazepane3! was prepared according to
the procedure reported elsewhere.®> THF (Godo Co., Inc.) was
distilled over Na wire. Trifluoromethanesulfonic anhydride (triflic
anhydride) (98%, Nacalai Tesque, Inc.) was distilled over P20s just
before use.  Tetra-n-butylammonium p-methoxybenzoate was
synthesized by neutralization of p-methoxybenzoic acid (>99.0%,
Tokyo Chemical Industry Co., Ltd.) with tetra-n-butylammonium
hydroxide (40% in water, Nacalai Tesque, Inc.). Sodium p-
nitrobenzoate was prepared by neutralization of p-nitrobenzoic acid
(>99.0%, Tokyo Chemical Industry Co., Ltd) with sodium hydroxide
(NaOH, >95.0%, Aldrich). Sodium benzoate (>99.5%, Koso
Chemical Co. Ltd.) was used as received. Other reagents were used
as received otherwise noted. Wakosil C-300 (Wako Pure Chemical
Industries, Ltd.) was used as received for flash chromatography.

Reaction of poly(THF) having N-phenylazepanium salt end groups
(2) with benzoate and with p-methoxybenzoate anions (2a, 2b)

A weighed amount of 2 (50 mg) was dissolved in THF (50 mL), and
tetra-n-butylammonium benzoate (38 mg) or tetra-n-butylammonium
p-methoxybenzoate (41 mg) was added to reflux for 3 h. THF was
then evaporated and the concentrated solution was passed through a
plug of silica gel with n-hexane/acetone (2/1 in vol/ivol). The
subsequent reprecipitation reprecipitation from acetone into ice-
cooled water, followed by the further reprecipitation from acetone
into dry ice/acetone-cooled n-hexane afforded the product with
benzoate, 2a (40 mg, Mn(NMR) = 5500, Mp(SEC) = 6600, PDI =
1.24) in 80% vyield, and the product with p-methoxybenzoate, 2b (38
mg, Ma(NMR) = 5600, Mp(SEC) = 7000, PDI = 1.22) in 76% vyield,
respectively.

'H NMR of 2a (CDCls) &: 1.56-1.67 (m, —-CH2CH20-), 3.36-3.46 (m,
—CH2CH20-), 4.29-4.38 (m, 4H, ArCO2CH>-), 6.59-6.67 (m, 6H,
Ar-H ortho and para to N), 7.19 (t, 4H, J = 7.9 Hz, Ar-H meta to N),

This journal is © The Royal Society of Chemistry 2012

Page 6 of 9



Page 7 of 9

7.44 (m, 4H, J = 7.7 Hz, —~02CAr-H ortho), 7.56 (m, 2H, J = 7.3 Hz,
—02CAr-H para), 8.01-8.07 (m, 4H, —-O2CAr-H para).

'H NMR of 2b (CDCls3) &: 1.54-1.70 (m, —-CH2CH>0-), 3.32-3.49
(m, —CH2CH20-), 3.86 (s, 6H, —OCHs), 4.24-4.35 (m, 4H,
ArCO2CH.-), 6.57-6.67 (m, 6H, Ar-H ortho and para to N), 6.91 (d,
4H, J = 8.8 Hz, ~O2CAr-H ortho), 7.19 (t, 4H, J = 7.8 Hz, Ar-H meta
to N), 7.99 (d, 4H, J = 8.8 Hz, -O2CAr-H meta).

Reaction of poly(THF) having N-phenylazepanium salt end groups
(2) with p-nitrobenzoate anion (2c)

The initial triflate counteranion of 2 was first replaced by p-
nitrobenzoate. Thus, an acetone solution (2.0 mL) of 2 (200 mg, 42
pumol) was added dropwise into an ice-cooled aqueous solution (100
mL) containing sodium p-nitrobenzoate (394 mg, 50 equiv) under
vigorous stirring. The formed precipitate was collected by filtration
and dried under reduced pressure. The reprecipitation procedure was
repeated again, and 174 mg of a crude product, 2/p-nitrobenzoate,
which retained a trace amount of water to avoid uncontrolled side
reactions, was obtained with 92% ion-exchange yield.

A weighed amount of 2/p-nitrobenzoate (50 mg) was then dissolved
in THF (250 mL), and the resulting solution (0.2 g/L) was refluxed
for 3 h. The reaction was conducted under dilution to prevent the side
reaction involving the nitro group and azacycloalkane quaternary salt.
THF was then evaporated and the concentrated solution was passed
through a plug of silica gel with n-hexane/acetone (2/1 in vol/vol).
The subsequent reprecipitation from acetone into ice-cooled water,
followed by the further reprecipitation from acetone into dry
ice/acetone-cooled n-hexane afforded the product with p-
nitrobenzoate, 2c (27.3 mg, Mn(NMR) = 6500, Mp(SEC) = 6700, PDI
=1.28)

!H NMR of 2¢ (CDCls) &: 1.57-1.66 (m, ~CH2CH0-), 3.35-3.46 (m,
—CH2CH20-), 4.34-4.44 (m, 4H, ArCO2CHz-), 6.59-6.67 (m, 6H,
Ar-H ortho and para to N), 7.19 (t, 4H, J = 8.0 Hz, Ar-H meta to N),
8.16-8.24 (m, 4H, —O2CAr-H ortho), 8.24-8.31 (m, 4H, —O.CAr-H
meta).
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