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ARTICLE INFO ABSTRACT

Keywords: Synthetic biodegradable materials are commonly used to create constructs for medical devices and tissue
Tosylation engineered constructs. However, many of the homopolymers used in FDA approved devices such as poly
Chlorination

(e-caprolactone) (PCL), poly(lactic acid), or poly(carbonates) lack biogically relevant functional groups to steer
biological responses in a controlled fashion. Commonly, an interconversion of the end groups is required to insert
addressable moieties for the attachment of biologically active groups. In this study, the activation of the hydroxyl
groups of a low molecular weight PCL-diol to the corresponding p-toluene sulfonate ester using p-toluenesulfonyl
chloride was performed in both dichloromethane (DCM) and dimethylformamide (DMF). To our initial surprise,
we only yielded the chlorinated product in DMF, while in DCM the tosylate ester was obtained. In a small series
of reactions, we studied the solvent dependent switchability between tosylation and chlorination on PCL. We
concluded that in polar aprotic solvents (DMF and dimethylsulfoxide), we rapidly and efficiently converted the
hydroxyl into the chloride group, whereas in inert solvents (DCM and chloroform) we yielded the tosylated
product. The data suggested that solvation effects of the polar aprotic solvents led to a S,2 reaction of the tosyl
group by the chloride. Furthermore, we utilized a polyethylene glycol (PEG) polymer to show translatability of
the chlorination reaction to other (biomedical) polymers. This work highlights a new reaction pathway during
the tosylation of a polymer end group, and presents a new useful strategy to insert clickable groups on synthetic
polymers that are only soluble in polar aprotic solvents.

Poly(e-caprolactone)
Solvent dependency

1. Introduction specific biological interaction with the surrounding tissues and cannot

efficiently direct cell adhesion, extracellular matrix production, or dif-

The development of synthetic polymeric biomaterials has been
fundamental to create a variety of devices and constructs for biomedical
and pharmaceutical applications. Tailoring the molecular design of
these polymers gives control over important parameters such as (bio)
degradability, physical, and mechanical properties [1]. Subsequently,
these polymers are processed into constructs that serve as a template for
the native environment, often to induce repair or regeneration of
damaged tissues [2]. Synthethic polymeric biomaterials generally lack

ferentiation into desired lineages [3]. To insert biologically relevant
moieties, post-modification methods are developed to introduce
addressable functional groups in a controlled fashion.

There are a vast amount of synthetic biodegradable polymers avail-
able to create constructs for many tissues [4]. A very commonly used
polymer in FDA-approved applications is PCL, which is relatively easily
synthesized [5]. Moreover, PCL has rheological properties allowing a
wide range of processing methods from electrospinning to additive
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lation; Tof-SIMS, Time of Flight-Secondary ion mass spectrometry; RT, room temperature; TFA, trifluroacetic acid.
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manufacturing. The polymer is biocompatible and, depending on mo-
lecular weight and crystallinity, biodegrades within 2-4 years [6]. Some
methods to introduce reactive groups on PCL as anchor point for bio-
logical motives include using a functional initiator during ring opening
polymerization [7] and attaching terminal (protected) linkers [8].
Furthermore, the hydroxyl end group can be chemically converted into
more reactive groups such as acrylates [9], carboxylic acids [10], or N-
hydroxysuccinimide [11] groups to couple biological molecules. Alter-
natively, terminal azide groups can be used in either copper (I) cata-
lyzed, or strain promoted alkyne azide click chemistry [12]. This type of
chemistry is versatile, as the reaction is fast, highly specific, amenable to
mild reaction conditions, and virtually any molecule with an alkyne
group can be attached on the polymer. For example, Lancuski and co-
workers have blended low molecular weight PCL-Azide (PCLA) with
PCLgok to tune the degree of surface functionalization of electrospun
fibrous scaffolds with a complementary alkynated dye [13]. In addition,
other studies have conjugated alkynated nanocellulose or polyhedral
oligomeric silsequioxanes onto PCLA to design bio-nanocomposites
[14]. Besides bio-functionalization, the mild click functionalization
method is also used in branching and network formation [8,15].

Because the primary hydroxyl group of PCL is a poor leaving group in
nucleophilic substitution reactions, conversion into a good leaving
group is required. Commonly, activation of a hydroxyl group into a p-
toluenesulfonate ester is applied and followed by reaction with a
nucleophile [13]. In this study, we applied this methodology in various
solvents to activate the hydroxyl end groups of PCL towards the intro-
duction of azide groups. We observed a surprising switch between
tosylation and chlorination depending on the solvent of the reaction,
even on a PEG polymer. Irrespectively of the intermediate, the corre-
sponding azide was obtained. After characterizing the conversion of the
end-group of PCL step in a small set of solvent systems, we report a new
potential pathway to modify polymers containing hydroxyl groups that
are only soluble in polar aprotic solvents such as DMF.

2. Materials and methods
2.1. Materials

A PCL-diol with a molecular weight of 2 kg.rnol’1 (PCLy-diol), a
poly(ethylene glycol) with a molecular weight of 3.3 kg.mol ™! (PEGsgy),
imidazole (>99%), triethylamine (TEA; >99%), sodium iodide (Nal),
acetonitrile, trifluoroacetic acid (TFA), acetone, deuterated solvents and
p-toluenesulfonyl chloride (p-TsCl; >99%) were purchased from Sigma-
Aldrich and used as received. DMF, DCM, and chloroform (CHCl3) were
purchased anhydrous from Sigma-Aldrich and used as received. Dime-
thylsulfoxide (DMSO) was purchased from Sigma-Aldrich and dried over
molecular sieves. Methanol (MeOH) was purchased from Normapur and
diethyl ether from VWR. Sodium azide (NaNs; >99%) was obtained
from TCI chemicals.

2.2. Characterization

Y nuclear magnetic resonance (NMR), B3¢ NMR, and heteronuclear
multiple bond correlation (HMBC) spectra were recorded using a Bruker
700 MHz instrument. All samples were dissolved in CDCl3. Materials
were spin-coated on glass slides for Time of Flight-Secondary ion mass
spectrometry (ToF-SIMS) analysis, which was performed on a PHI
nanoTOF II instrument (Physical Electronics, Chanhassen, USA). A 20
keV Gy primary ion beam was used to chemically analyze the surface of
the samples. The C¢y primary ion beam with a DC current of 1 nA was
directed at the sample under an angle of 45° in relation to the normal
and had a beam spot of 1 um. Negative ion TOF-SIMS spectra were ac-
quired over a field of view of 500 x 500 pm with a cycle time that
allowed for a 0-1850 Da mass range. 50 frames were acquired for each
spectrum, resulting in a total primary ion dose of 1.96 x 102 ions/cm?.
No charge compensation was used. All negative mass spectra were
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internally calibrated using the same ions, namely CH™ at m/z 13.01,
OH™ at m/z 17.00, CN™ at m/z 26.00 and CNO™ at m/z 42.00. All ToF-
SIMS data was processed using the commercial PHI software (TOF-DR
3.0.0.13).

2.3. Synthesis

PCLok-di-OTs:

In a dry nitrogen atmosphere, PCLy-diol (1.5 g, 1.5x10~2 mol of
hydroxyl end groups) was dissolved in anhydrous DCM at room tem-
perature (RT) in an oven-dried flask. Imidazole (0.61 g, 9x103 mol, 6.0
equiv.) and pre-dissolved p-TsCl (1.72 g, 9x107° mol, 6.0 equiv.) in
anhydrous DCM was dropwise added and the reaction mixture was
stirred at RT overnight. The maximum concentration of polymer in DCM
was always 0.15 g/mL. The polymer was precipitated in cold MeOH,
centrifuged, and washed with cold MeOH two more times. The polymer
was collected as a white powder and dried in vacuo. Yield: 50%. 'HNMR
PCL-OTs (CDCls, 700 MHz): § (ppm) = 7.78 (d, aromatic CH, 2H, J =
8.23 Hz), 6 = 7.35 (d, aromatic CH, 2H, J = 8.23 Hz), 5 = 4.06 (t, CH50,
27H, J = 6.71 Hz), § = 4.02 (t, CHyOTs, 2H, J = 6.71 Hz), 6 = 3.88 (s,
CH0, 2H), § = 2.45 (s, CHg, 3H), 6 = 2.31 (t, CH2CO, 27H, J = 7.55 Hz),
& = 1.65-1.64 (m, CHa, 54H), § = 1.39 (m, CHg, 27H).

PCLg-di-Cl:

The same procedure as described above was also performed in DMF,
except that we performed it both at RT and 70 °C. The polymer was
collected as a white powder and dried in vacuo. Yield: 34%. 'H NMR
PCL-Cl (CDCl3, 700 MHz): 6 (ppm) = 4.06 (t, CH20, 27H, J = 6.68 Hz), §
= 3.54 (t, CHaCl, 2H, J = 6.68 Hz), § = 3.88 (s, CH20, 2H), § = 2.31 (t,
CH,CO, 27H, J = 7.66 Hz), 5§ = 1.65-1.64 (m, CHy, 54H), § = 1.39 (m,
CHy, 27H).

PCLZk-di-OTS Vs PCLZk-di-Cll

The same procedure as described was also performed at RT and with
TEA as a base. Furthermore, the same procedure was performed at RT
with imidazole as base in CHCl3, DCM with a catalytic amount of DMF,
and a 1:1 v/v mixture of DCM and DMF as solvent. In dimethylsulfoxide
(DMSO), we performed the reaction according to the same procedure at
50 °C. The products were collected as a white solid and dried in vacuo.
For a halogen test, 150 mg of polymer was dissolved in 1.5 ml of 15% w/
v Nal in acetone solution and reacted for 10 min at RT and 5 min at 50 °C
before assessing precipitate formation.

PCL-di-azide:

In a dry nitrogen atmosphere, PCL-di-Cl (0.23 g, ~0.23x10~> mol of
chloride end group) was dissolved in 2 ml dry DMF at 70 °C. Then, NaN3
(88 mg, 1.4x10~% mol, 6.0 equiv.) was added and the solution was
stirred overnight. The polymer was precipitated in cold MeOH, centri-
fuged, and washed with cold MeOH two more times. The product was
collected as a white powder and dried in vacuo. Yield: 36%. 'H NMR
(CDCl3, 700 MHz): § (ppm) = 4.06 (t, CH20, 32H, J = 6.68 Hz), 6 = 3.88
(s, CH20, 2H), 6 = 3.28 (t, CH2N3, 2H, J = 6.90 Hz), 6§ = 2.31 (t, CH2CO,
32H, J = 7.52 Hz), 6 = 1.65-1.64 (m, CHj, 64H), 6§ = 1.39 (m, CHy,
32H).

CHgO-PEG3,3k-C11

In a dry nitrogen atmosphere, CH30-PEG3 3k (1.5 &, 0.90x10~3 mol of
hydroxyl groups) was dissolved in anhydrous DMF at a concentration of
250 mg/mL. Imidazole (0.37 g, 5.4x10~° mol, 6.0 equiv.) and subse-
quently pre-dissolved p-TsCl (1.02 g, 5.4x10~% mol, 6.0 equiv.) in 2 ml
of DMF were dropwise added. The reaction was left overnight at 70 °C.
The reaction mixture was concentrated in vacuo, the polymer precipi-
tated in diethyl ether, decanted, and dried in vacuo. The product was
purified with reverse-phase silica chromatography using acetonitrile/
water (25:75) + 0.1% TFA as solvent system. After elution of the first
spot, the solvent was switched to acetonitrile/water (50:50) + 0.1%
TFA. The product was collected as a white solid and dried in vacuo. Yield:
35%. 'H NMR (CDCls, 700 MHz): § (ppm) = 3.75 (t, CH2Cl, 2H, J = 5.89
Hz), § = 3.64 (s, CH20, 132H).
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Scheme 1. Solvent dependent end-group conversion of a PCLy-diol into an activated intermediate, followed by conversion into the corresponding azide.
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Fig. 1. 1H NMR spectra of A) PCLyy-diol, B) PCLy-di-Cl obtained after reaction
with p-TsCl in DMF at 70 °C, and C) PCLy-di-OTs after reaction with p-TsCl in
DCM at RT (CDCl,).

3. Results and discussion

Activation of PCL hydroxyl chain end groups by conversion into the
corresponding p-toluenesulfonate ester is a convenient way to introduce
a reactive functional group. The p-toluenesulfonate groups can then be
converted in other functional groups by a nucleophilic substitution re-
action. The tosylation reaction on polymer hydroxyl end-groups is
mostly performed at RT using inert solvents like DCM or tetrahydrofuran
in the presence of a tertiary amine as a base with high conversion
(Scheme 1, top) [13,14,16]. Alternatively, the tosylation reaction has
also been performed in DMF albeit that in this study no information was
reported on the characterization of the intermediate [17]. Moreover,
aromatic bases such as pyridine have been applied in the tosylation
reaction [18,19]. In this study, we aimed to synthesize PCL with ter-
minal azide groups by tosylation of the hydroxyl end-groups and sub-
sequent substitution reaction (Scheme 1). However, when we performed
the tosylation reaction with imidazole as base in DMF, we observed full
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Fig. 2. TOF-SIMS analysis of a PCLyk-di-Cl compared to PCLy-di-OH surface as
control. (A) Close-up of the mass spectrum of PCLy. B) Close-up of the mass
spectrum of PCLy-di-Cl, showing the presence of chlorine. The blue bars
represent the theoretical signals for the abundances of the 3°Cl and
37l isotopes.

Table 1
Solvent dependent conversion of PCLyy hydroxyl end-groups upon reaction with
p-TsCI°.

Base Solvent Temperature Product DoS
0 (NMR) ©6)°
Imidazole DMF 70 PCL-Cl 100
TEA DMF 70 PCL-Cl 100¢
Imidazole = DMF RT PCL-Cl 66°
Imidazole =~ DCM RT PCL-OTs 100
Imidazole = CHCl3 RT PCL-OTs 18°
Imidazole  Cat. DMF in RT PCL-OTs 16°
DCM*!
Imidazole = DCM:DMF® RT PCL-Cl 63¢
Imidazole =~ DMSO 50 PCL-Cl 90°

@ All reactions were carried out for 18 h.

b The degree of substitution was determined from 'H NMR spectra.
¢ The spectra can be found in the SI (figure S5-10).

4 A 1:1 M ratio of DMF relative to the hydroxyl groups was added.
¢ DMF and DCM were used in a 1:1 v/v ratio.

conversion into an initially unknown product after 18 h at 70 °C.

Although we observed a shift in the methylene protons belonging to
the hydroxyl group (Fig. 1A) to 3.53 ppm in the isolated product
(Fig. 1B), it did not match the expected downfield shift (4.03 ppm) when
performing the tosylation in DCM at RT (Fig. 1C). Moreover, the tosyl
peaks were absent and found in the MeOH filtrate, indicating washing
away of small molecule tosylate groups (Figure S1). A reaction pathway
yielding a chlorinated PCL was considered at this point. Turning to 3C
NMR, we observed a new signal at 45 ppm approaching the shift of an
alpha carbon of a primary alkyl chloride (Figure S2). To further test the
hypothesis of a chloride intermediate, we performed a halide test. The
Nal in acetone solution turned cloudy, suggesting the presence of a
halogen (Figure S3).

In order to observe more direct evidence of chlorination, we per-
formed ToF-SIMS analysis on spin-coated surfaces to test for the pres-
ence of chloride ions. Indeed, these surfaces showed the typical 3:1
isotopic mass ratio of chloride atoms compared to a control PCL (Fig. 2 &
Figure S4). Thus, we concluded that using DMF as a solvent during the
tosylation yielded the PCL with chloride end-groups (Scheme 1,
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bottom).

The conversion of a hydroxyl group into a chloride group using p-
TsCl has been reported before, but occurred under specific reaction
conditions [20,21]. For example, the substitution only occurred in
presence of an adjacent benzyl group with electron withdrawing sub-
stituents, which increased the electron deficiency at the methylene
carbon of the leaving group [20]. The adjacent conjugated system is
absent in PCL and cannot explain a substitution of the tosylate with a
weak nucleophile such as the chloride. A series of reactions was per-
formed to gain more insight in the end-group conversion on a PCLy-diol
(Table 1). In polyisobutylenes, also end-group chlorination was reported
when attempting a tosylation in DCM with TEA as base and using a
catalyst. In contrast to this study, the chlorinated product was only
observed as minor product and formed slowly over the course of days
[21]. Thus, we initially assessed the effect of the base type on the
outcome. When we switched to TEA as base in DMF, we observed full
conversion to the chlorinated PCL. Additionally, crude analysis dis-
played no shift in the methylene protons of the hydroxyl groups to 4.03
ppm, as shown in Fig. 1C, nor a downfield shift of the tosyl peaks
(Figure S11). The 'H NMR spectrum of the crude did show some pres-
ence of unreacted PCL-diol (~20%), but this was removed by the MeOH
purification. Interestingly, in all reactions we did not find mixtures of
tosylated and chlorinated products in the 'H NMR spectra. In DMF at
70 °C, we even observed full conversion into the chloride after 30 min
(Figure S12). Overall, these results suggested a fast and efficient chlo-
rination mechanism with the reaction conditions of this study.

The TsCl might react with DMF according to a variant of the Vils-
meier reaction [22], potentially consuming most TsCl before tosylation.
We dissolved p-TsCl in deuterated and left it overnight before recording
the 'H NMR spectrum. We did not observe total consumption of the p-
TsCl nor found evidence for reaction of the DMF with p-TsCl, forming a
Vilsmeier reagent (Figure S13). Due to hydrolysis, we did observe p-
toluenesulfonic acid formation. Nevertheless, the DMF-TsCl complex
might only exist as intermediate state, and thus fulfill a catalytic func-
tion [23]. Therefore, we added a small volume of DMF to DCM during
the reaction (Table 1). Here, we only observed formation of the tosylate
ester.

Subsequently, we investigated the effect of solvent polarity on the
reaction (Table 1). When we used DMF, a one-to-one volume ratio of
DMF to DCM or DMSO, the chlorinated product was yielded. In DMSO,
we also observed formation of a side product (10%), but it was not the
tosyl group as those peaks were absent (Figure S10). In inert solvents
such as DCM and CHCls, the tosylated product was obtained. We
attributed the differences in conversion rates in the different solvents to
the reaction kinetics. The integral ratios of the end-group versus the
backbone did not significantly change, which also indicates that no
major side reactions were ongoing. Thus, this data suggested that the
main driving force in this reaction is solvent dependent.

A reaction pathway where the hydroxyl groups were converted into
their corresponding chlorides through an intermediate p-toluenesulfo-
nate ester was now considered as viable mechanism. As known, polar
aprotic solvents such as DMF accelerates nucleophilic substitution re-
actions by solvation of cations, such as our protonated imidazole,
thereby increasing the nucleophilicity of the anion, which is the chloride
ion. Since full conversion into the chloride is obtained after 30 min at
70 °C, a S,2 mechanism seemed most viable. The absence of the solva-
tion effect may therefore explain the slower conversion of the tosylate
into the chloride on polyisobutylenes in DCM with TEA as base [21].
Taken together, we presented evidence that in polar aprotic solvents
efficiently chlorination of the end group is achieved on PCLgy-diols.

In order to see if this Cl/OTs selectivity was unique to PCL or more
generally applicable, we assessed the solvent dependent outcome on a
PEG polymer. Using DMF and high temperature reaction conditions, we
confirmed the presence of a terminal chloride via 'H NMR and ToF-SIMS
(Figure S14). Interestingly, these results indicated that the solvent
dependent conversion could be applied to other polymers with hydroxyl
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Fig. 3. 'H NMR spectrum of the PCLyy-di-azide obtained after reaction of the
PCLyy-di-Cl with sodium azide in DMF at 70 °C.

functional groups. Because some polymers are difficult to solubilize in
non-polar solvents, polar aprotic solvents such as DMF must be used.
The observations in this study suggest that attempted tosylation of
polymers in DMF likely yields a chlorinated product.

The end goal of these reaction pathways is often the functionalized
polymer, in this case the azide. The conversion of PCL-OTs into the
corresponding azide is already frequently reported in literature [13].
Finally, we also confirmed by 'H NMR and HMBC spectroscopy that the
PCL chloride end-groups could be fully converted into azide end-groups
(Fig. 3 & Figure S15, respectively) using DMF as a solvent and at 70 °C.
These results imply that irrespectively of the intermediate, an azidated
product can be obtained that is applicable in click chemistry. Thus, one
could still obtain the desired azidated product via a different interme-
diate pathway.

4. Conclusions

In this study, we show the solvent dependent conversion of hydroxyl
end groups of PCL into either a tosylate ester or chloride. In material
processing or polymer synthesis, often non polar solvents such as DCM
or CHCl; are preferred due to their relatively high evaporation rates.
However, some polymers intended for biological applications such as
poly(ester-urethane)ureas are only soluble in polar aprotic solvents such
as DMF. This study provides a methodology to activate the hydroxyl
groups via chlorination and subsequent nucleophilic substitution, and
highlights the ability of tosylation conditions to yield chlorinated
products. This synthetic method unlocks potential strategies for end-
group modification or preparation of polymer conjugates. For
example, as shown in this study, azide groups can still be inserted onto
the polymer suitable for performing click chemistry.
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