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Narrow Molecular Weight Distribution
Precursors for Polymer - Drug Conjugates™*
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Polymer - drug conjugates derived from copolymers of N-
(2-hydroxypropyl)-methacrylamide (HPMA) can be pre-
pared from a copolymer precursor such as 3 (Scheme 1).[1
This methodology has been used for the development of
conjugate 4 which is currently undergoing Phase II trials in
the UK for the treatment of cancer.?!

To exploit more widely the biological advantages of large
molecule therapeutics" 3! and to examine more thoroughly
how structure, molecular weight,) and solution properties
correlate with biological profileP! it is essential to develop
preclinical conjugates that have 1) narrow molecular weight
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Scheme 1. Preparation of a polymer—drug conjugate 4 from a copolymer precursor 3 derived from 1 and 2. AIBN = azobisisobutyronitrile.

distribution (MWD), 2) the same molecular weight character-
istics, and 3) uniform pendent chain structure. To address
these issues we have prepared a narrow MWD homopoly-
meric precursor 7 (Scheme 2) by atom-transfer radical
polymerization (ATRP) of 5 with 6.°! We have also begun
to examine the reactions of 7 with amines to determine if this
precursor can be used to prepare families of conjugates.

Although the use of active ester homopolymers is known
for preparing functionalized polymers,[® the preparation of a
narrow MWD active ester homopolymeric precursor (for
example, 7) to give water-soluble copolymer conjugates has
not been examined. Preparation of narrow MWD methacryl-
amide copolymers (for example, 3) is currently not feasible, so
the only way to obtain narrow MWD conjugates is by tedious
fractionation procedures. By using only the homopolymeric
precursor 7, different stoichiometries of various solubilizing
and drug-conjugating pendent chains will give families of
conjugates with the same absolute molecular weight charac-
teristics. This is not possible with copolymer precursors (for
example, 3) because each structurally distinct conjugate
requires a different copolymer precursor, and each precursor
is typically prepared by precipitation free-radical polymer-
ization which results in conjugates with different molecular
weights.

We selected N-methacryloxysuccinimide 57 (m.p. 102-
104°C) because these esters can be more hydrolytically stable
than other commonly used active esters.’!l Narrow MWD
(MM, =11-12; M, =weight-averaged molar mass, M, =
number-averaged molecular mass) polymer 7 was prepared in
both THF and acetone, but premature precipitation of the

polymer frequently occurred to limit the preparation of a wide
range of molecular weights.’) Maintaining a homogeneous
reaction mixture seemed the most systematic long-term
strategy to prepare polymers at molecular weights which give
prolonged circulation times in blood.!-3!

Several polymerizations were conducted in DMF (110-
130°C) using monomer concentrations spanning 33—
91 wt % in order to maintain solution homogeneity. Although
polymer 7 is soluble in DMF/"! this solvent is not considered
optimal for ATRP because of its possible competitive
chelation of copper ions.l'” The concentration of monomer 5§
relative to DMF was critical for the outcome of the polymer-
ization. A 50 % yield of polymer 7 was isolated at 61 wt % of
monomer 5 while no polymer was isolated when the reaction
was conducted at 33 wt%. The reaction mixture solidified
at monomer concentrations above T5Wt% (M <
18300 gmol~1). To probe for competing thermal initiation'!]
monomer 5 was stirred alone in DMF at 80 and 110°C for 8-
24 h. This resulted in the formation of some polymer of broad
MWD (M,/M, > 1.5).

The experiments in DMF suggested that a homogeneous
copper-mediated polymerization of 5 in a polar organic
solvent was possible. DMSO was examined as the solvent,
and homogeneous, reproducible polymerization reactions
occurred to give a range of molecular weights (Table 1;
entries 1 -5). Polymerizations were stopped after 1015 mi-
nutes to give narrow MWD polymer 7 in good yields (80—
96%). Even after 2.5 minutes the yield was nearly 50%
(Table 1, entry 6). These reactions were carried out on a 1.8
2.5 g scale and have also been successfully conductedona 6 g

(0]
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Y 6 3 NH,-Linker-D 3 3 — 3 3
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Scheme 2. Preparation of polymer—drug conjugates 9 starting from a narrow MWD homopolymeric precursor 7. The use of 7 as a common precursor
enables the synthesis of families of conjugates 9 with similar molecular weight characteristics.
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Table 1. Conditions and results for the copper-mediated polymerization of
monomer 5 in DMSO.

Entry 5:6:CuBr:bpyl) T[°C] M, Yield [%] M, [gmol™!] M /M, f,,,19

1 10:1:1:2 100 1830 85 12300 1.17 012
2 20:1:1:2 80 3660 92 16800 115 0.20
3 50:1:1:2 100 9150 89 22600 120  0.36
4 100:1:1:2 100 18300 96 29000 1.14  0.61
5 150:1:1:2 110 27450 80 40700 113 0.54
6lel 100:1:1:2 100 18300 49 23300 .15 038

[a] Ratio of the initial monomer and initiator concentrations. [b] M. =
(5/6) x 183 gmol'. [c] The molecular weight averages were obtained by GPC
using DMF as the eluent (0.1% LiCl) and PMMA standards. [d] Apparent
initiator efficiency calculated by: f,,, = (M X yield)/M,). [e] Reaction stop-
ped after 2.5 minutes by dilution with DMSO and rapid cooling.

scale. Like the polymerizations in DMF, the concentration of
DMSO similarly influenced the outcome of the polymer-
ization where 57 wt % of monomer 5 was used in the reactions
listed in Table 1. Polymer 7 was isolated as a white powdery
solid by diluting the reaction mixture with DMSO followed by
precipitation of the polymer by adding it to a stirred solution
of acetone. Atomic absorption analysis indicated the copper
content to be 0.153 ppm at a concentration of 28.0 mgmL~! of
polymer 7 in DMFE.['

Molecular weights were obtained by gel permeation
chromatography (GPC) using poly(methyl methacrylate)
(PMMA) standards and DMF eluent (0.1 % LiCl was added
to inhibit aggregation). The apparent number-average mo-
lecular weight (M,) of polymer 7 was consistently higher than
M ;reer, and the apparent initiator efficiency (f,,,)'"*! increased
as the M., value increased (Table 1, entries 1-5). To obtain
a better indication of the absolute M, value and to determine
the degree of polymerization (DP), a sample of precursor 7
was hydrolyzed to the sodium salt of poly(methacrylic acid)
(PMAA).[l The apparent M, and DP values of 7 (f,,, = 0.59)
prior to hydrolysis was 24800 gmol~!' and 136, respectively
(MM, =120; M, =18300 gmol™'). After hydrolysis,
aqueous GPC analysis (phosphate-buffered saline solution
adjusted to pH 8.5) against PMAA sodium salt standards gave
M,=22000 gmol~' (M,/M,=1.28). This result indicated that
the absolute DP was approximately 200 and f,,,, = 0.50 for this
sample of 7.

Before following the general conjugation strategy in
Scheme 2 (7—8 —9) the first conjugation reaction (7 —8)
had to be correlated with the stoichiometry of the added

CH C C
%CHTC ’ ~‘ EiN %CHTCHz -‘ ’(PH2_éH3 ]
(::0 Jn HN - HBr (:;0 Jn_x (::0 Jx
o © o o O NH

/
gt
0 7

amine. Precursor 7 was stirred with different stoichiometries
of glycine methyl ester in anhydrous DMSO and triethyl-
amine at 60°C for one hour. The FT-IR spectra obtained by
attenuated total reflectance from an aliquot of each reaction
mixture displayed a decrease in the height of the active
ester imide band at 1735cm! that correlated with the
stoichiometry of the glycine methyl ester used (Figure 1).

0.10
0.094
0.087
0.077
0.06
0.05
0.047
0.037]
0.024

<4— Precursor 7

-a— (.25 equiv Glycine methyl ester

1650 ~ 1600 ~ 1550

—
Figure 1. Superimposed IR spectra displaying the decrease in the band
corresponding to the carbonyl group at 1735 cm™! on conjugation of glycine
methyl ester (0.25, 0.50, and 0.75 equiv) to precursor 7. The actual decreases
in peak height of 25.7, 53.7, and 74.7 % correlated with the amount of added
glycine methyl ester.

1750 ~ 1700
viem-!

1900 1850 1800

During the preclinical development of conjugate 4, p-
nitroanilide was used as a drug model and the glycine — glycine
dipeptide linker was used as a control because it did not
undergo lysosomal degradation.’*<l We used commercially
available glycine-glycine-f-naphthylamide hydrobromide
(10) as a linker—drug model to prepare model conjugates 12
(Scheme 3). To prepare a conjugate with 10% loading, 0.1
active ester group equivalents of 10 were conjugated to
precursor 7. A 10% reduction in the peak height of the IR
band at 1735 cm~' was observed from an aliquot of the
reaction solution (Figure2). Excess 1-amino-2-propanol
(2.0 equivalents) was then added to the reaction mixture
and the band at 1735 cm™! disappeared. The water-soluble
conjugate 12 was isolated after precipitation (acetone:diethyl
ether, 1:1 (v/v)). Increasing the stoichiometry of 10 in the first
reaction (namely, 7 —11) to 0.25 and 0.50 equivalents resulted
in a corresponding decrease in the the IR band at 1735 cm~1.

These preliminary experiments indicate that the narrow
MWD homopolymeric precursor 7 may be used to prepare

HzN/\O(H C‘HJ" { CHW
ot et
C‘O n-x (|:O X
NH NH
i Gy
?HOH Cﬁly
CH,

12

Scheme 3. Conjugation of the drug model 10 to narrow MWD precursor 7 followed by conjugation of 1-amino-2-propanol gives the model polymer - drug

conjugate 12.
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Figure 2. Superimposed IR spectra displaying the changes in the carbonyl
band at 1735 cm™! on addition of gly-gly--naphthylamide hydrobromide
(10, 0.1 equiv) to give 11 and then on addition of excess 1-amino-2-
propanol (2.0 equiv) to give the final conjugate 12.

polymethacrylamides if competitive side reactions, for exam-
ple, hydrolysis and imide formation, can be surpressed. As an
example, 1-amino-2-propanol was conjugated to 7 to give a
narrow MWD HPMA homopolymer (Figure 3) with only
trace levels of competitive hydrolysis being observed by FT-
IR spectroscopy. Controlled radical-polymerization process-
es, including ATRP, have successfully been used to prepare
many narrow MWD polymers. One exception has been the
preparation of a wide range of narrow MWD methacrylamide
homo-" and copolymers.

14
12
T 10
8
Refractive
Index
Response
4
2
0
-2

0 5 10 15 20
tmin  —t

Figure 3. The gel-permeation chromatogram for the narrow MWD HPMA
homopolymer (labeled A) obtained from the reaction of precursor 7 and
1-amino-2-propanol (2.0 equiv). The trace labeled B shows the HPMA
homopolymer prepared by conventional free-radical polymerization.

In summary, the narrow MWD, active ester homopolymer 7
was prepared as a precursor for the efficient preparation of
families of narrow MWD, water-soluble polymer—drug con-
jugates. This strategy may have potential for preparing narrow
MWD speciality polymers for applications spanning health-
care to consumer products.

Experimental Section

7: In a typical polymerization, copper(l) bromide (31.3 mg, 0.2 mmol), 2,2’
bipyridine (bpy, 68.3 mg, 0.4 mmol), and monomer 5! (2.00 g, 10.9 mmol)
were added to a round-bottomed flask which was then sealed with a
septum. DMSO (1.3 g) was then injected into the flask. The resulting brown
mixture was gently heated until a solution had formed and then purged with
argon for approximately 5 min. An argon-purged solution of 2-bromo-2-
methyl-(2-hydroxyethyl) propanoate (46.1 mg, 0.2 mmol) in DMSO (0.2 g)
was then injected into the mixture and the flask was heated to 100 °C in an

Angew. Chem. 2001, 113, Nr. 3
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oil bath. The reaction mixture became viscous after a few minutes and was
removed from the heat after 10— 15 min and rapidly cooled. The resulting
crude polymeric product was then dissolved by the addition of DMSO (7 -
8 mL). This solution was slowly added to a stirred solution of acetone
(100 mL) to precipitate polymer 7 as a white solid (1.78 g, 89 %).

12: 7 (100 mg, 0.55 mmol of reactive groups), H-Gly-Gly-3-naphthylami-
de - HBr-0.6 H,O (10, 19 mg, 0.06 mmol, 0.1 equiv), and a magnetic stirring
bar were added to a 1.5-mL vial. The vial was sealed with a septum-
centered screw-cap lid and purged with argon for approximately 2 min.
Anhydrous DMSO (0.4 mL) was injected into the vial once the stirred
reaction mixture was homogeneous, and a small sample of the solution was
removed by syringe under argon for immediate analysis by FT-IR
spectroscopy. Triethylamine (15.2 uL, 0.11 mmol, 2 salt equiv) was then
added under argon to the vial and the vial was placed in an oil bath at 50°C
for 2.5 h. After cooling the solution, a sample was removed from the vial
under argon for immediate analysis by FT-IR spectroscopy. The H-Gly-
Gly-f-naphthylamide reaction solution was further heated with 1-amino-2-
propanol (82 mg, 1.1 mmol, 2 equiv) at 50°C for 1.25h. A polymeric
product 12 was isolated by precipitation of the DMSO reaction solution
with acetone:diethyl ether (50:50) and further purified by precipitation
from methanol with acetone:diethyl ether (50:50).
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