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Abstract: Heparin allyl ester and heparin 4-vinylbenzyl ester were prepared and examined for their
potential for thiol-ene reaction using both free radical initiators and photochemistry. While both
undergo reaction with mercaptoacetic acid, the allyl ester adduct proved to be somewhat more labile.
Several more examples of adducts from heparin 4-vinylbenzyl ester are reported. Similar reactions
on enoxaparin, where the reaction site is solely at the non-reducing end of the molecule, are also
reported. These reactions may show promise as a strategy in the development of drug conjugates.

Keywords: heparin esters; enoxaparin; thiol-ene reaction

1. Introduction

Polysaccharides and other glycopolymers are attractive candidates for a variety of
biomedical applications, including drug delivery, tissue engineering and sensing [1]. The
choice of polymer in drug delivery often involves polymers with little inherent biological
activity; however, polymers with activity may confer advantages by promoting binding to
targeted locations [2].

In this context, heparin is an attractive candidate, given its well-documented binding
to antithrombin and to the spike protein of SARS CoV-2 [3]. Our prior experience in other
contexts with the thiol-ene click reaction [4] suggested to us that the thiol-ene reaction
might be applied to conjugation of heparin derivatives, since it has been commonly used in
other bioconjugation reactions [5-7].

Heparin is a complex polyaminoglycan [8]. While heparin molecules may have
some structural diversity, there are some general commonalities. The average molecular
weight ranges typically around 12,000 to 15,000 g/mol or about 60-70 saccharide units.
The saccharide units vary, but feature alternating units of an aminoglycan unit and a
carboxylate glycan unit. Stereochemistry along the sequence varies, and, in addition to
the carboxylate, sulfate groups arrayed about the hydroxyl and amino sites provide an
overall negative charge at physiological pH, rending the polymer water soluble. These
features allow heparin to bind to positively charged proteins, most notably thrombin. The
amino group can bear an acetyl group, a sulfate or be a free amine. A common disaccharide
sequence is shown in Figure 1.
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Figure 1. Representative disaccharide units in heparin.
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While there are no alkenyl groups present in heparin, the alkylation of the carboxylate
groups can be carried out on the readily available benzalkonium salt of heparin. We
reasoned that such ester formation would allow introduction of an appropriate alkenyl
group. We report herein on our efforts with two such esters: heparin allyl ester and heparin
4-vinylbenzyl ester.

The large number of carboxylate groups in every heparin chain implies that the thiol-
ene conjugation will be highly loaded. Widespread modification may not be optimal
in many contexts [9]. While the current work was designed to determine the feasibility
of the reaction, a more limited degree of esterification might be required to preserve
biological activity.

With the considerations stated above in mind, we also report on thiol-ene reactions of
enoxaparin. Enoxaparin is a low molecular weight heparin derivative. It is formed by a base
treatment of heparin benzyl ester at a controlled temperature and time. The polysaccharide
is cleaved and each fragment bears a single alkenyl group at the non-reducing end of the
fragment [10]. The end group saccharide is shown in Figure 2. Enoxaparin includes the
bioactive saccharide sequences of heparin, and thus retains much of the biological activity,
including thrombin binding and SARS-CoV-2 spike protein binding [11,12]. We reasoned
that the terminal alkenyl group would be available for thiol-ene chemistry reactions. It
is particularly noteworthy that the reaction would take place at the non-reducing end,
since it has been demonstrated that structural features at the reducing end have some
consequence for biological activity [13]. Conjugation of enoxaparin at the reducing end
has been reported [14], as has pegylation of the carboxylate groups along the enoxaparin
chain [15]. Ozonolysis of the non-reducing end of enoxaparin proceeds with no loss
of activity [16]. There is one report of the Michael addition of a thiol to enoxaparin
esters [17]. However, this addition requires the esterificathetion of enoxaparin (after
formation of a benzethonium salt), addition of the thiol and ester hydrolysis. We report on
our efforts to carry out such additions with native enoxaparin, obviating the need for the
esterification-hydrolysis steps.

Figure 2. Non-reducing end of enoxaparin.

2. Materials and Methods
2.1. General Information

All reactions were carried out in open air. Commercial reagents and solvents were
used as received. Samples of heparin benzalkonium salt and enoxaparin were provided
by Smithfield Bioscience. NMR spectra were recorded with a Bruker Advance 500 MHz
NMR instrument (Bruker, Billerica, MA, USA) at 298 K in D,O as solvent. IR spectra were
obtained from a Perkin Elmer Spectrum One FT-IR Spectrometer with ATR attachment
(Perkin-Elmer, Waltham, MA, USA).

2.2. Preparation of Heparin Allyl Ester (1)

A quantity of 15 g heparin benzalkonium salt was dissolved in 150 mL N,N-
dimethylformamide (DMF). To the solution was added 0.8 mL allyl bromide. The flask
was covered and stirred at room temperature for 24 h. The solution was added to 450 mL
10% sodium acetate in methanol. The solid was filtered and dissolved in 5%NaCl, then re-
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precipitated by adding to 3x volume of methanol. This drop procedure was then repeated,
and 4.55 g of white material was isolated. See Supplementary Materials for IR, HNMR and
COSY NMR spectra.

2.3. Preparation of Heparin 4-Vinylbenzyl Ester (2)

To a solution of 10 g heparin benzalkonium salt in 100 mL DMF was added 7.06 mL
(7.63 g, 50 mmol) 4-chloromethylstyrene. The solution was stirred at room temperature
for 12 h, then poured onto 300 mL of 10% sodium acetate in methanol. The filtrate was
dissolved in a 5% solution of NaCl in water, then reprecipitated by addition to 3x volume
methanol. The white solid was air dried to afford 3.7 g of a white solid. While the NMR
spectrum will be discussed below, the extent of substitution is clearly less than in the
case of the allyl ester, but sufficient to allow examination of the thiol-ene reactions. See
Supplementary Materials for IR, HNMR and COSY NMR spectra.

2.4. Thiol-Ene Reaction of Heparin Allyl Ester with Mercaptoacetic Acid (3)
2.4.1. Using Irradiation

A quantity of 10 mL of an aqueous solution of heparin allyl ester (250 mg) was
placed in a small recrystallizing dish and 0.1 mL mercaptoacetic acid was added. During
stirring, the solution was irradiated with a wide spectral range lamp (American Ultraviolet
Company (Lebanon, IN, USA) model: PC-100S; 120 V, 60 Hz, 5 Amp). After two hours, the
solution was reduced to a gum, resuspended in water, and subjected to cassette dialysis
(slide-A-Lyzer G2, 2000 MWCO, Thermo-Fisher, Waltham, MA, USA). The product was
isolated via freeze-drying. See Supplementary Materials for IR and HNMR spectra.

2.4.2. Using Initiator

A quantity of 150 mg of heparin allyl ester was dissolved in 25 mL water. To the
solution was added 15 mg 4,4’-azobis (4-cyanovaleric acid). The stirred solution was heated
at 80 °C for 8 h. The solution was added to 100 mL of 5% NaOAc/methanol. The solid was
redissolved in 10%NaCl solution and reprecipitated by addition to 3 x volume methanol.
The solid was dissolved in water and freeze-dried to afford a white solid.

2.5. Thiol-Ene Reactions of Heparin 4-Vinylbenzyl Ester (2) General Procedure

Heparin 4-vinyl benzyl ester (2) and a thiol were dissolved in water or mixture of
water and THF (1:1) to which 4,4’-azobis (4-cyanovaleric acid) was added. The solution
was irradiated overnight with broadband UV light. While no special efforts were made
to control temperature, the temperature of the solution did not rise notably. The resulting
solution was transferred into a 3 mL-dialysis cassette (slide-A-Lyzer G2, 2000 MWCO). The
dialysis was performed using 1 L water, changing the water once every 12 h for a total of
36 h. The content of the cassette was transferred to a vial and subjected to freeze-drying to
obtain a solid product.

2.5.1. Reaction with Cysteine (4)

General procedure was followed using heparin 4-vinyl benzyl ester (50 mg) and
L-cysteine (178 mg, 1.47 mmol, 20 eq), 1.5 mL of water, and 4,4’-azobis (4-cyanovaleric acid)
(18 mg, 0.0018 mmol, 0.25 eq) to furnish white solid (58.1 mg) as the product. See Supple-
mentary Materials for HNMR spectrum.

2.5.2. Reaction with 1-Octanethiol (5)

General procedure was followed using heparin 4-vinyl benzyl ester (50 mg, 1 eq)
and 1-octanethiol (255 pL, 1.47 mmol, 20 eq), 1.5 mL of water/THF (1:1), and 4,4’-azobis
(4-cyanovaleric acid) (18 mg, 0.0018 mmol, 0.25 eq) to furnish white solid (50.4 mg) as the
product. See Supplementary Materials for HNMR spectrum.
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2.5.3. Reaction with 4-Aminothiophenol (6)

General procedure was followed using heparin 4-vinyl benzyl ester (50 mg, 1 eq) and
4-aminothiophenol (184 mg, 1.47 mmol, 20 eq), 1.5 mL of water/THF (1:1), and 4,4'-azobis
(4-cyanovaleric acid) (18 mg, 0.0018 mmol, 0.25 eq) to furnish a brown solid (51.3 mg) as
the product. See Supplementary Materials for HNMR spectrum.

2.6. Thiol-Ene Reactions of Enoxaparin
2.6.1. Reaction with Mercaptoacetic Acid Using Initiator (7)

A quantity of 300 mg enoxaparin was dissolved in 5 mL water. Then, 30 mg 4,4’-azobis
(4-cyanovaleric acid) was added followed by 20 mg mercaptoacetic acid. The solution was
heated to 80°C with stirring for 18 h then precipitated by addition to 25 mL 5% sodium
acetate and methanol. The solid was redissolved in water and freeze dried to yield a
transparent film.

2.6.2. Reaction with Mercaptoacetic Acid Using Irradiation

A quantity of 200 mg enoxaparin was placed in a small beaker and dissolved in 5 mL
water. Then, 0.12 mL mercaptoacetic acid was added and the stirred solution was irradiated
with a UV lamp for 100 min. The solution was placed into a dialysis cassette (MWCO 2000).
The dialyzed solution was freeze-dried to a transparent film. See Supplementary Materials
for HNMR spectrum as well as spectrum of enoxaparin.

2.6.3. Reaction with Cysteine Using Irradiation (8)

A quantity of 175 mg enoxaparin was placed in a small beaker and dissolved in 5 mL
water. Then, 150 mg L-cysteine was added and the stirred solution irradiated with a UV
lamp for 100 min. The solution was placed into a dialysis cassette (MWCO 2000). The
dialyzed solution was freeze-dried to a transparent film. See Supplementary Materials
for HNMR spectrum.

3. Results
3.1. Preparation of Heparin Esters (Figure 3)

The alkylation of the benzalkonium salt of heparin proceeded in a homogenous DMF
solution. Since the relative size of the benzalkonium counterion is large, the heparin content
of the starting material is only about 40%. Thus, material recovery is good for these sodium
salts. While the NMR spectrum is discussed below, the IR spectra shows carbonyl stretching
frequencies consistent with ester formation (1726 for 1, 1741 for 2).
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Figure 3. Preparation of heparin esters.
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3.2. General Remarks on the Initiation of the Thiol-Ene Reactions

The thiol-ene reaction operates via a free radical process. As such, an initiation step
begins the process. The initiation can be carried out by either thermal or photochemical
means. For thermal initiation, we chose to use 4,4’-azobis (4-cyanovaleric acid) as the
initiator, primarily due to its water solubility. This initiator can also be used as a photolytic
initiator. Based on the literature [18] we chose 80°C as a convenient temperature for
initiation. Photochemical decomposition takes place at about 405 nm. The use of the
above-described broad wavelength source covers that region.

The thiol-ene reaction does not require an independent photoinitiator, but can
instead be carried out using direct irradiation of the thiol, normally at about 254 nm
(depending on the thiol) [19]. Once again, this wavelength is within the range of the
source we used.

3.3. Thiol-Ene Reaction of Heparin Allyl Ester (1) with Mercaptoacetic Acid (Figure 4)

The reaction proceeded to give the same product under both sets of reaction conditions:
irradiation or heating with the water soluble initiator 4,4’-azobis (4-cyanovaleric acid). The
retention of the ester linkage was confirmed in the IR spectrum by virtue of a diagnostic
signal at 1725 cm~!. NMR analysis confirmed the thiol-ene addition.
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Figure 4. Thiol-ene reaction of [1] with mercaptoacetic acid.

In the allyl ester (1), the vinylic signals are located at 6.25, 5.68 and 5.59. The allylic
protons on the ester oxygen are mixed with the wide array of anomeric protons in the
polymer. COSY analysis of the solution indicates that these protons are diastereotopic with
shifts at 5.07 and 4.95. Upon thiol-ene reaction, all of these signals are removed (shifts from
the anomeric protons in the 5.0 region remain) (Figure 5). Upfield peaks appear, consistent
with the thiol-ene adduct (2.7 for the peaks adjacent to sulfur and 3.7 for adjacent to sulfur
and « to the carbonyl, peaks adjacent to oxygen difficult to identify and peaks at 2.0 for the
backbone N-acetyl and the central methylene of the linking group).

Upon repeated recording of the NMR spectrum of the thiol-ene product (3), the
sharper peaks at 1.7 and 2.5 were noted. These peaks increase in intensity as spectra
on the same sample are repeated, along with the loss of intensity of the peaks assigned
to the thiol-ene adduct. Since the allylic signals do not redevelop, the reaction does
not reverse. We conclude that the adduct is labile to hydrolysis in the NMR solution
(D20). We did not attempt to isolate the hydrolysates, but speculate that heparin would
be reformed. Rather than examine conditions that might minimize such hydrolysis,
we instead chose to examine an ester that would remove the carboxylate group from
proximity to the ester linkage.
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Figure 5. Stacked HNMR spectra of [1] and thiol-ene reaction with mercaptoacetic acid (3).

3.4. Thiol-Ene Reactions of Heparin 4-Vinylbenzyl Ester (Figure 6)

Thiol-ene reactions of heparin 4-vinylbenzyl ester were carried out using L-cysteine,
octyl mercaptan and 4-aminothiophenol to afford adducts 4, 5, and 6 respectively. NMR
analysis of the products establish the conversions (Figure 7).

The starting material (2) clearly shows the aromatic ring absorbances centered
at 7.5, with the vinylic protons at 6.75 and 5.85. The COSY spectrum indicates the
benzylic protons at 5.28. These signals are difficult to discern in the HNMR due to the
anomeric proton signals. All of the thiol-ene products retain the aromatic signals, but,
as expected, the vinylic protons have been eliminated. In the case of 6, the aromatic
region is enhanced, given the introduction of an additional aromatic ring in the adduct.
Signals in the upfield region are less easily located, due to the relatively low loading
of the ester.

— 0]
o R—SH o
—_—
O
HO Qv HO
Qe
Q80

(Q:5—0

5. R = (CH2)7CH3
6 R = (CH2)C6H4NH2

Figure 6. Thiol-ene reactions of heparin 4-vinylbenzyl ester (2).
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Figure 7. Stacked NMR spectra of 2, 4, 5, 6 in the vinyl and aromatic regions.

3.5. Thiol-Ene Reactions of Enoxaparin (Figure 8)

The NMR signal for the vinyl proton at the non-reducing end of enoxaparin is a
narrow doublet at around 5.98. Thiol-ene reaction of mercaptoacetic acid under either
initiated or photoactivation results in complete removal of that signal (Figure 9). The

same reaction with L-cysteine leads to a reduction, but not a complete removal, of the
vinyl signal.

R——SH

Figure 8. Thiol-ene reactions of enoxaparin.
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enoxaparin
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Figure 9. Stacked NMR spectra from 1.9 to 6.2 ppm on enoxaparin, 7 and 8. (Intensities scaled so that
NAc peaks near 2.0 are all of equal intensity).

4. Discussion

The thiol-ene reaction is a promising strategy for the conjugation of heparin deriva-
tives. Heparin allyl ester shows a tendency toward hydrolysis, making it less than an
ideal candidate, but heparin 4-vinylbenzyl ester shows improved stability in its thiol-ene
conjugates. The thiol-ene reaction on the non-reducing end of enoxaparin shows potential
for single point conjugation without the need for prior esterification.

From the many mercaptans available for this report, we chose these particular candi-
dates for a variety of reasons. Mercaptoacetic acid and cysteine were chosen as containing
functional groups that might reside in biomolecules. As a result, we were able to identify
the advantages of the 4-vinylbenzyl ester over the allyl ester. The use of Octyl mercaptan
was a successful attempt to conduct the reaction with a less water-soluble mercaptan by
using THF as a cosolvent. The use of 4-aminothiophenol extended the use of the reaction
to aromatic thiols and to facilitate NMR analysis. Clearly these thiols are descriptive and
extensions to other thiols await further research.

5. Patents

The authors have filed a provisional patent application based on this work.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/reactions3030031/s1. Relevant spectra are available as supple-
mental material, including IR spectrum of heparin allyl ester (1); HNMR spectrum of heparin allyl
ester (1); COSY spectrum of heparin allyl ester (1); IR spectrum of heparin 4-vinylbenzyl ester (2);
HNMR spectrum of heparin 4-vinylbenzyl ester (2); COSY spectrum of heparin 4-vinylbenzyl ester (2)
in vinyl aromatic region; IR spectrum of thiol-ene reaction of heparin allyl ester with mercaptoacetic
acid (3); HNMR spectrum of thiol-ene reaction of heparin allyl ester with mercaptoacetic acid (3);
HNMR spectrum of thiol-ene reaction of heparin 4-vinylbenzyl ester with L-cysteine (4); HNMR spec-
trum of thiol-ene reaction of heparin 4-vinylbenzyl ester with octyl mercaptan (5); HNMR spectrum
of thiol-ene reaction of heparin 4-vinylbenzyl ester with 4-aminothiophenol (6); HNMR spectrum of
enoxaparin, HNMR spectrum of thiol-ene reaction of enoxaparin and mercaptoacetic acid (7); HNMR
spectrum of thiol-ene reaction of enoxaparin and L-cysteine (8).
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