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Abstract

This work demonstrates, for the first time, a time-resolved electron paramagnetic resonance (EPR) monitoring of a chemical reaction occurring
in a polymeric structure. The progress of the coupling of a N*-tert-butyloxycarbonyl-2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic
acid (Boc-TOAC) spin probe to a model peptide-resin was followed through EPR spectra. Progressive line broadening of EPR peaks was
observed, indicative of an increased population of immobilized spin probe molecules attached to the solid support. The time for spectral
stabilization of this process coincided with that determined in a previous coupling study, thereby validating this in situ quantitative monitoring of

the reaction. In addition, the influence of polymer swelling degree and solvent viscosity, as well as of the steric hindrance within beads, on the rate

of coupling reaction was also addressed. A deeper evaluation of the latter effect was possible by determining unusual polymer parameters such as

the average site—site distance and site-concentration within resin beads in each solvent system.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the great number of studies on the subject, full
understanding of the solvation characteristics of polymeric
materials continues to be an elusive goal. This is attributable to
the high level of complexity of the process and many
approaches have been applied to investigate the influence of
factor such as the resin, peptide sequence and loading and the
solvent system [1-9]. In a conceptual departure from the great
majority of these approaches, we have initially focused on
correlating this solvation phenomenon of polymers or peptide-
polymers with the media polarity. This strategy has been
addressed successfully either through measurement of peptide-
resin swelling in a microscope [10,11] or combined to the
electron paramagnetic resonance (EPR) method, which allows
the monitoring of the dynamics of the solvated polymer or
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peptide-polymer network [12—15] using a paramagnetic amino
acid-type spin probe [16,17].

Taking into account that the presence of electrophilic and
nucleophilic groups in a peptide bond (N-H and C=0
moieties, respectively), might strongly affect the interaction
of the peptide-resin with the solvent system, the 1:1 sum of
Gutmann’s [18] solvent electron acceptor number (AN) and
solvent electron donor number (DN) was proposed as a
dimensionless and more accurate polarity scale [10,11]. Due to
the presence of opposite concepts within the same parameter,
the combined polarity term (AN-+DN) was adopted as the
amphoteric constant [15] and used to build this alternative
polarity scale. More recently, these AN and DN concepts have
been also applied to aid in predicting the capacity of solvent
systems, not only in terms of dissociating peptide chains
attached to a polymeric structure but also free in solution [19].

As a natural continuation of this effort to introduce as much
variance as possible into the investigation of polymer solvation
characteristics, the present study aimed to carry out, for the first
time, a real-time monitoring of the coupling reaction within a
resin. However, the acylating component for this reaction of
binding to the solid support was the spectral probe molecule
itself, which will allow in situ monitoring of this coupling
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time-resolved experiment. The N*-tert-butyloxycarbonyl
(Boc)-2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-car-
boxylic acid (TOAC) amino acid-type paramagnetic probe
(Boc-TOAC) [16] was coupled to a model peptide resin, and
the progress of this acylation reaction to the polymer backbone
was monitored directly by electron paramagnetic resonance
(EPR) spectroscopy. In addition, the influence of the degree of
peptide-resin swelling, media viscosity and degree of peptide-
chain steric hindrance within beads were also examined in this
coupling kinetics approach.

2. Experimental
2.1. Materials

Reagents and solvents were of analytical grade, were
collected from recently opened containers and were not further
purified. The styrene—1% divinylbenzene copolymer attaching
phenylmethylamino groups and denoted benzhydrylamino-
resin (BHAR) [20] was selected for peptide chain assembly.

2.2. Methods

2.2.1. Peptide synthesis

The (Asn-Ala-Asn-Pro) sequence was synthesized manually
by standard Boc-chemistry [21,22] on about 0.5 g of 0.14 and
1.4 mmol/g BHAR. Coupling was performed using a 2.5
excess of Boc-amino acid/DIC/HOBt (1:1:1) in DCM/DMF
for approximately 2h. All couplings were monitored by
qualitative ninhydrin test and, when positive, acetylation was
performed with 50% acetic anhydride in DCM for 15 min.

2.2.2. Measurement of peptide-resin swelling

Before swelling measurement of resins, all batches of
synthesized peptide-BHARs were sized by suspension in
ethanol and fine materials were decanted off. The suspension
was allowed to stand until approximately 90-95% had settled
before decanting the supernatant. This procedure was repeated
five times and was followed by suspending the beads in DCM
and, solvent containing fine particles was withdrawn. This was
also repeated about five times. In order to develop the swelling
study with as narrowly sized population of beads as possible,
the last purification step of resins involved repeated sifting of
dry beads through several 44-88 um pore metal sieves.

Table 1

This sieving procedure lowered the standard deviation of the
resin diameters to about 4%.

Swelling studies of the small-diameter bead populations
were performed as published elsewhere [1,10,15] after the
resins were dried in vacuum using an Abderhalden-type
apparatus. About 200 dry and swollen (allowed to solvate
overnight) beads from each resin were spread over a
microscope slide and measured directly with a microscope
coupled with Image-Pro Plus software. The values of bead
diameter distribution were estimated by the geometric means
and geometric standard deviations.

2.2.3. EPR studies

EPR measurements were carried out at 9.5 GHz in an EPR
spectrometer at room temperature (22 £ 2 °C) using flat quartz
cells. Labeled peptide resins were pre-swollen overnight in the
solvent under study. The magnetic field was modulated with
amplitudes less than one-fifth of the line-widths, and the
microwave power was 5mW to avoid saturation effects.
Details of TOAC derivative-labeling of resins have been
already reported [12-15].

2.2.4. Yield of the coupling reaction

In a reaction vessel thermostated at 25 °C, 50-100 pmol
of peptide-BHAR were equilibrated with the desired solvent.
Pre-formed symmetrical anhydride (PSA) of the Boc-TOAC
was produced by mixing with DCC in equimolar conditions (for
1 h, at 0 °C). The white precipitate was removed by filtration and
the solution was evaporated for further dissolution with the
desired solvent for comparative coupling experiments. The PSA
method was deliberately chosen for these experiments as it is
less susceptible to the effect of the polarity of the solvent
[21,22]. The rate of rotation of the reaction flask was 20 rpm.
The acylating reagents were dissolved in the solvent under
investigation and added in equimolar condition (at 10~ %M
concentration of reactants) to the reaction vessel, containing
peptide resin pre-swollen in the same solvent. The yield of
coupling was monitored by the picric acid method [23], and each
experiment was performed in duplicate.

3. Results and discussion

Table 1 displays the swelling degrees and the kinetics of the
coupling reactions of Boc-TOAC in two (NANP),—BHAR

Correlation between Boc-TOAC coupling yield to (NANP),~BHAR in different solvents and swelling parameters

Solvent (NANP),~BHAR? (NANP),~BHAR"®
Volume solvent/bead Coupling yield (%) Volume solvent/bead Coupling yield (%)
4 3\¢ 4 3\¢
(107 pmc) 30 min 60 min 180 min (107 pmc) 30 min 60 min 180 min
DCM 17 54 61 12 24 50 74
DMF 28 83 88 53 43 82 92
DMSO 17 33 46 96 80 87 89

Yield of Boc-TOAC coupling at 25 °C with preformed symmetrical anhydride method in equimolar conditions (2 mM concentration of reactants).

# Obtained from a 0.14 mmol/g BHAR.
° Obtained from a 1.40 mmol/g BHAR.
¢ Volume of swollen bead — volume of dry bead.



Table 2

Swelling parameters of differently labeled Boc-TOAC—(NANP),~BHAR in DCM

Col. 5 Col. 6 Col. 7 Col.8 Col. 9 Col 10

Col. 4

Col. 1 Col. 2 Col. 3

Sample

Site conc.

Site—site
™M)

Number of
sites/bead

Volume dry Weight dry Volume dry Number of
sample/g
(10"

Volume solvent/

Diam. swollen
bead (um)

Diam. dry

Resin

distance (/f\)

beads/g sample

(107
1.25
0.4

sample/g copol.

@

sample/g copol.

(mL)°
22
3.1

bead (10° um3)

bead (pum)

(mmol/g)?*

sample (mL)

1.49
0.72

0.068

34.5

7.0
52.6

1.48
4.26

1.7
1.2

82

82

61

0.111¢

0.730

17.6

68

0.385¢

Calculated according to Ref. [25].

% Degree of Boc-TOAC labelling.

47 pm.

0.99 g/mL; average diameter of dry beads =

® Copolymer of styrene—1% divinylbenzene: d
¢ Obtained from a 0.14 mmol/g BHAR.
4 Obtained from a 1.40 mmol/g BHAR.
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batches in DCM, DMF and DMSO. The substitution degrees of
both solid supports were 0.14 and 1.4 mmol/g, respectively,
which allowed final peptide loadings of 14 and 68% (weight/
weight). The resin-bound tetradecapeptide sequence corre-
sponds to the antigenic and immunodominant segment of the
sporozoite form of Plasmodium falciparum involved in malaria
transmission [24]. To facilitate the determination of coupling
yield, unfavorable experimental conditions were deliberately
created, with a low reactant concentration (0.002 M) that was
in equimolar proportion with the amount of the amino-group
component of the peptide-resin.

The yield of coupling reactions was directly related to the
degree of swelling, regardless of the peptide-resin involved
(Table 1). Accordingly, DMF and DMSO allowed faster
acylation for the lightly- and heavily-peptide-loaded resins,
respectively. However, when the swelling degrees were
equivalent, as in the case of the lightly- (14%)-peptide-loaded
BHAR in DCM and DMSO (1.7 X 10° um? of solvent volume
absorbed per bead), the acylation was faster in the less viscous
solvent (DCM). This finding indicates that the difference in
viscosity between the two solvents (0.4 and 2.0 Cp,
respectively), clearly affects the coupling reaction rate, even
within the polymer matrix.

In addition to swelling degree and viscosity, the third factor
influencing the coupling reaction is the steric hindrance degree
within beads, as previously mentioned. The effect of this factor
can be seen for example, when the coupling yield of both
peptide-resins in DMF is compared (Table 1). The coupling
rate of the highly (68%) peptide-loaded resin is slower,
although presenting greater swelling than its low (14%)
peptide-loaded partner resin (5.3%X10° and 2.8X10° pm?,
respectively).

By considering these swelling values and the degree of
substitution of resins and the molecular weight of attached
peptides, it was possible to estimate the average distance
between peptide chains spread throughout the bead matrices
in both peptide-resins, according to our recently published
report [25]. Tables 2 and 3 display the calculated values
found for the low and highly peptide-loaded resins of
Table 1 in DCM and DMF, respectively. In order to detail
how the various peptide-resins parameters were sequentially
calculated, the detailed procedure will be next described for
the 0.111 mmol/g Boc-TOAC-(NANP),—BHAR batch in
DMC (Table 2, row 1).

3.1. Example: 0.111 mmol/g labeled Boc-TOAC—(NANP).,—
BHAR swollen in DCM (Table 2)

Columns 1 and 2 list the average diameters of the dry
(61 um) and DCM swollen (82 pm) beads, respectively,
measured under the light microscope. The volumes of the dry
(1.19X 10° pm®) and swollen (2.89X10° um®) beads were
calculated and the volume of solvent/bead (1.7X10° pm?,
column 3) was obtained by subtracting the dry bead volume
from the swollen bead volume.
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Table 3

Swelling parameters of differently labeled Boc-TOAC—(NANP),~BHAR in DMF

Col. 6 Col. 7 Col.8 Col. 9 Col 10

Col. 5

Col. 4

Col. 1 Col. 2 Col. 3

Sample

Site conc.

Site—site
M)

Number of sites/
bead (10'%)

Volume dry Number of

Weight dry

Volume dry sample/
g copol. (mL)°

Diam. swollen  Volume solvent/
bead (um)

Diam. dry

Resin

distance (A)

beads/g sample

(107)
1.25
0.44

sample/g sample

(mL)
1.49
0.72

sample/g copol.

bead (10° umB)
()

bead (um)

(mmol/g)*

38.3 0.042

7.0
52.6

1.48
4.26

22
3.1

91 2.8

61

0.111¢

0.165

23.7

53

110

68

0.385¢

Calculated according to Ref. [25].

% Degree of Boc-TOAC labeling.

47 pm.

0.99 g/mL; average diameter of dry beads =

° Copolymer of styrene—1% divinylbenzene: d
¢ Obtained from a 0.14 mmol/g BHAR.
4 Obtained from a 1.40 mmol/g BHAR.
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3.2. Column 4: volume of dry sample/g of copolymer
(2.2 mL/g copolymer)

The ratio (diameter dry sample/diameter dry copolymer)
represents the relationship between the volume of the dry
macroscopic working sample (0.111 mmol/g Boc-TOAC-
(NANP),~BHAR) and that of the dry copolymer used to
synthesize the sample. In the example, since the average
diameters of beads of dry sample and dry copolymer are 61 and
47 pm, respectively, the ratio between the dry volumes of both
resins is (61/47)>=2.18. Considering that the number of beads
in 1 g of copolymer is the same as in the sample synthesized
from this amount of copolymer and taking into account that the
volume of 1 g of copolymer is 1.01 mL (d=0.99 g/mL), the
total volume of dry sample containing 1 g of copolymer is
therefore 2.18X1.01 mL, or 2.20 mL.

3.3. Column 5: weight of dry sample/g of copolymer
(1.48 g/g of copolymer)

The 0.111 mmol Boc-TOAC-(NANP),—~BHAR sample was
synthesized by quantitative incorporation of the (NANP),4
peptide and Boc-TOAC in the 0.140 mmol/g BHAR batch.
This resin originated from partial phenylmethylamino incor-
poration into a heavily substituted 1.40 mmol/g benzoyl group-
containing copolymer. This copolymer derivative is syn-
thesized in the first step (Friedel-Crafts acylation) necessary
to obtain BHAR. Thus, the Boc-TOAC—(NANP),—~BHAR
sample under consideration still contains (1.40-0.14)
mmol=1.26 mmol/g of remaining benzoyl groups attached
to its backbone. Considering the total weight of groups added
in all the synthetic steps, one can calculate that the sum of Boc-
TOAC, (NANP), peptide and benzoyl groups attached to the
initial copolymer corresponds to 0.325 g. Therefore, in 1 g of
sample, the mass of copolymer is 1 —0.409 g=0.675 g. Thus,
for 1 g of starting copolymer, the weight of the 0.111 mmol
Boc-TOAC-(NANP),—BHAR is 1.48 g.

3.4. Column 6: volume of dry sample/g of sample (1.49 mlL/g)

This parameter is calculated by dividing the value of
(volume of dry sample/g copolymer), column 4, by (weight of
dry sample/g copolymer), column 5. The value obtained
(1.49 mL/g) represents the ratio between the volume of the dry
sample (2.2 mL) and its total weight (1.48 g), and corresponds
to the volume occupied by 1 g of sample in the dry form.

3.5. Column 7: number of beads/g of sample
(1.25X 107 beads/g sample)

This value is calculated by dividing the volume of 1 g of dry
sample (1.49 mL, column 6) by the average volume of one dry
bead, which is calculated from its diameter (61 pm, column 1).
Thus, the volume of one dry bead is 1.19 X 10~ 7 mL. The ratio
1.49 mL/1.19X 10~ " mL yields 1.25X 10" beads in 1g of
sample.
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3.6. Column 8: number of sites/bead (7.0 X 10"?)

The number of sites per bead is calculated by dividing the
number of sites/g of sample by the number of beads/g of
sample (column 7). The former value corresponds to 0.145X
6.02X 10%° sites/g. Dividing this number by the number of
beads in 1 g of sample (1.15X 10, column 7) one obtains 7.0 X
10'? sites/bead.

3.7. Column 9: site-site distance (34.5 fi).

To evaluate this important parameter, we first calculate the
average volume per site. This is done by dividing the volume of
one swollen bead (2.89X 10° um3, calculated from the
measured diameter of one swollen bead, 82 um, column 2)
by the number of sites/bead (7.0 X 10'2, column 8). Thus, the
average volume per site is 4.1X10* A3, By assuming a
uniformly distributed cubic lattice for the sites within the
bead, the site—site distance corresponds to the side of a cube
and is given by the cubic root of the volume occupied by one
site, i.e. (4.1X10* A%)'? =345 A.

3.8. Column 10: site concentration inside the bead (0.068 mM).

Finally, making use of the parameters calculated in the
previous steps, it is possible to determine the site concentration
within the bead. Thus, for the 0.145 mmol/g substituted Boc-
TOAC-(NANP),—BHAR, the site concentration is obtained by
dividing the number of sites/bead (7.0 X 10'%, column 8) by the
volume of solvent/bead (1.7 X 10° um3, column 3), that is,
4.1X107 sites/ um3 , or 41X 10" sites/mL. Considering that
6.02 X 10?° sites/mL correspond to 1 M concentration, we find
that that the site concentration corresponds to an effective Boc-
TOAC concentration of 0.068 mM.

Using this calculation strategy also for other data shown
either in Tables 2 and 3, it was possible for instance to seen that
the average inter-site distance values of 34.5 and 17.6 A in
DCM (Table 2) and 38.3 and 23.7 A in DMF (Table 3) were
determined for these two peptide-bound resins, respectively. In
addition, the effective peptide chain concentrations inside the
bead were also determined giving the values of 0.068 and
0.730 M in DCM (Table 2) and 0.042 and 0,165 M in DMF
(Table 3), respectively. Thus, regardless the peptide-resin, the
greater the distance between reactive sites, the faster is the
coupling reaction. Taken together, these findings therefore
proves clearly the influence of the level of the steric hindrance
in neighbouring peptide chains, decreasing the rate of reaction
as a consequence of the greater proximity between the chains
under conditions of heavier peptide loading.

Following these results, the direct EPR monitoring of the
Boc-TOAC spin probe coupling reaction in the (NANP),—
BHAR (1.4 mmol/g) was next tested in DMF, using the same
acylation protocol employed for the experiments detailed in
Table 1. Fig. 1 reveals a clear line broadening of EPR spectral
peaks over the course of the coupling reaction. This line
broadening was induced by the increasing immobilization of

/
M

10G

Fig. 1. EPR spectra of Boc-TOAC coupling in (NANP),~BHAR (1.4 mmol/g)
after (a) 0, (b) 60 and (c) 180 min. Reaction at 25 °C in DMF, with preformed
symmetrical anhydride method in equimolar conditions and 2 mM concen-
tration of reactants.

the Boc-TOAC molecule population attached to the polymer
backbone.

Although most of biradicals known in the literature display
a five-line pattern in the EPR spectra, the biradical formed for
coupling to resin matrix and corresponding to the reactive
symmetrical anhydride of the Boc-TOAC probe gives a three
line-type spectrum as can be seen in Fig. 1(a). This result seems
to be in accord with the observation that the structure and the
average distance between both nitroxide moiety in the biradical

A CH CH
=73
H = H.C_ =3
3C\C/CH 3 \C/CH3

H,C CH,
O—N
e
H,C  cH
B H;C CH; H;C _CHj;
O—N O—¢Cc—C—O0 —O0°
i
7 O O N
H;C  CH, H,c CH;

Fig. 2. Molecular structures of the biradicals (A), symmetrical anhydride of N*-
tert-butyloxycarbonyl-2,2,6,6-tetramethylpiperidine 1-oxyl-4-amino-4-car-
boxylic acid and (B), bis(2,2,6,6-tetramethylpiperidine-1-oxyl) oxalate.
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Fig. 3. Correlation between EPR central Wo linewidth values and time of Boc-
TOAC coupling to (NANP),~BHAR (1.4 mmol/g). The reactions were carried
out at 25°C in DMF, with preformed symmetrical anhydride method in
equimolar conditions, and 2 mM concentration of reactants.

molecule may affect the EPR spectrum profile [26-28].
To better clarify this issue, the Fig. 2 shows the similarity
existing between the structure of Boc-TOAC symmetrical
anhydride and that of the bis(2,2,6,6,-tetramethylpiperidine-1-
oxyl) oxalate paramagnetic probe. According to the literature,
this latter biradical also displays a three line-type EPR
spectrum [28].

Next, Fig. 3 shows the correlation between line-width
values of the middle-field EPR peak (Wo) and reaction times.
This EPR parameter has been often used for determination of
the degree of motion of labeled molecules or systems
[12-15,25]. As can be seen in the figure, progressive increase
in the line-width values of peaks followed by complete
stabilization of Wo values (greater immobilization) occurred
after 3—4 h of coupling, thus in agreement with data shown in
Table 1. These findings therefore, demonstrate the feasibility of
carrying out direct, in situ monitoring of a chemical reaction
within the polymer structure in which the reacting component
is the spectral probe itself.

In summary, our results seem to be of value for increasing
the understanding of the solvation characteristics of polymers.
We have demonstrated that various physicochemical and
structural factors influence the reaction yield in polymers.
However, the innovative aspect of the present report is the
finding that the EPR approach allows direct time-resolved
monitoring of a specific chemical reaction (coupling) occurring
throughout the polymer network. The success of this
experimental strategy might be of relevance in devising other
approaches intended to further investigate, at the microenvir-
onment level, chemical processes in polymers.
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