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We report a facile ‘grafting from” approach to graft copolymers with polyamide backbones and controlled vinyl polymer
or polyester side chains. Two polyamides with in situ-formed pendant bromide or hydroxyl groups were obtained by
Passerini-based multicomponent polymerization. They were used respectively to initiate the atom-transfer radical
polymerization of vinyl monomers or the ring-opening polymerization of lactones to generate two new types of graft
copolymers. One of the important features of the method is that the pendant initiators are generated in situ from non-
branching monomers, and they are linked to the polymer backbone by ester bonds. Therefore, the vinyl polymer side
chains could be detached from the backbones, and their structures could thus be fully characterized. Moreover,
multicomponent polymerization and atom-transfer radical polymerization can even be carried out in a one-pot manner.
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Introduction

Graft copolymers with distinctive backbones and side chains
have played important roles in many fields like biomaterials,
absorbents, detergents, and separation materials.["?] Three
general approaches, grafting from, grafting on, and grafting
through, have been developed to synthesize a wide range of
graft copolymers. The main chains can be constructed by
either step-growth polymerization or chain-growth polymeri-
zation, while the side chains are usually from chain-growth
polymerization of vinyl monomers or ring monomers. The
development of living or controlled radical polymerization has
advanced this field far, in particular for graft copolymers
with carbon—carbon main chains from vinyl monomers, and
even bottle brush-shaped polymers.””) When the polymer main
chains are formed from step-growth polymerization like poly-
condensation or polyaddition, the three general synthetic
approaches are not always straightforward. In most cases, a
complicated procedure coupled with protection and depro-
tection is necessary. Successful examples are the ‘grafting
through’ synthesis of polyamide-g-poly(methyl methacrylate)
(PA-g-PMMA) via polycondensation of dicarboxyl-terminated
PMMA macromonomers with diamines;! the ‘grafting onto’
approach via formation of polyester or polyurethane main
chains containing pendant alkynes and subsequent click reac-
tions with the azido-terminated polymers;*! and the ‘grafting
from’ approach via construction of backbones from monomers
containing branching structures and followed by free radical
polymerization.'”! Our efforts focus on developing conceptually
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new ‘grafting from’ strategies that can give facile access to graft
polymers with backbones formed by the step-growth polymer-
ization of easily available monomers without branching struc-
tures under mild conditions. In particular, we are interested in
the preparation of polyamides with different functional groups
or side chains.[®!

Multicomponent reactions (MCRs) such as the Mannich
reaction, isocyanide-based multicomponent reactions (IMCRs),
A® coupling, and Cu-catalyzed three-component reactions,
have attracted considerable interest owing to their exceptional
synthetic efficiency: the inherent formation of several bonds in
a one-pot reaction and one-step conversion.”) Various
MCRs have been utilized for linear polymer synthesis.!*'*
However, limited by monomer scope and/or poor functional
group tolerance, only a few polymers with functional side
groups can be synthesized by the above multicomponent poly-
merizations (MCPs).

The Passerini reaction, a three-component reaction as well as
an efficient atom-economical reaction, plays an important role
in many fields.”*'*! When applied in polymer chemistry, three
outstanding characteristics make the Passerini reaction promis-
ing: high efficiency, which offers chances for the synthesis of
high-molecular-weight polymers; formation of an ester—amide
sequence during reaction, which makes the synthesis of
sequence-regulated polymers realizable; and branching struc-
tures formed during reaction, which offer new access to
branched and/or functional polymers. Recently, Meier and
coworkers reported the synthesis of linear polyesters using the
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Synthesis of graft copolymers via construction of the PA backbones by multicomponent

polymerization (MCP) followed by atom-transfer radical polymerization (ATRP) or ring-opening poly-

merization (ROP).

Passerini reaction.!'” Asymmetric dendrimers have also been
prepared by this reaction.!'® Our group extended the use of
the Passerini reaction and developed a new MCP for pre-
paring sequence-regulated poly(ester amide), polyamide with
various functional groups, star copolymers, and photolabile
polymers. (ed.17]

Herein, we report for the first time the synthesis of
graft copolymers from monomers without branching struc-
tures via construction of the polymer backbones by Passerini-
based MCP (Scheme 1). This general approach can provide
access to graft copolymers with PA backbones from easily
available monomers, even in a one-pot manner. Combination of
Passerini-based MCP of hexane-1,6-dial, 1,6-diisocyanohexane,
and 2-bromoisobutyric acid, followed by the in situ-formed
2-bromoisobutyrate-initiated atom-transfer radical poly-
merization (ATRP) of methyl methacrylate (MMA) and
N-isopropylacrylamide (NIPAM), two graft copolymers,
PA-g-PNIPAM and PA-g-PMMA, were obtained. The living
nature of ATRP can control the molecular weight and poly-
dispersity of the side chain polymers. As the polymer side
chains were linked to the PA backbones via ester groups, PMMA
and PNIPAM could be detached from the PA main chain
and characterized separately. Alternatively, when hydroxyl
side groups were introduced into the backbone, PA-g-poly
(¢-caprolactone) (PCL) could be easily synthesized via the
ring-opening polymerization (ROP) of ¢-caprolactone.

Experimental
Materials

Silica gel (200-300 mesh, Yantai Chemical Research
Institute), alkali alumina (200-300 mesh, Sinopharm Chemical
Reagent Co. Ltd.), sodium periodate (NalO,; analytical grade
(AR), Xi Long Chemical Co. Ltd.), 1,6-diisocyanohexane
(Aldrich, >98 %), 10-undecynoic acid (96 %, Alfa Aesar),
2-bromoisobutyric acid (98 %, Alfa Aesar), 2,2'-bipyridine
(bpy, 98 %, Alfa Aesar), tin(Il) 2-ethylhexanoate (Sn(Oct),,
96 %, Alfa Aesar), 11-hydroxyundecanoic acid (98 %, Alfa
Aesar), trans-cyclohexane-1,2-diol (98 %, Alfa Aesar), 1,6-
diaminohexane (AR, Beijing Chemical Co. Ltd.), ethyl formate
(chemical pure (CP), Sinopharm Chemical Reagent Co. Ltd.),

were used as received. N, N-dimethylformamide (DMF;
AR, Beijing Chemical Co. Ltd.) was refluxed with KOH and
distilled under reduced pressure. Dichloromethane (CH,Cly;
AR, Beijing Chemical Co. Ltd.) and triethylamine (AR, Beijing
Chemical Co. Ltd.) were refluxed with CaH, and distilled
before use. Caprolactone (CL, 99 %, J&K) was distilled under
reduced pressure. Cuprous chloride and cuprous bromide (CuBr,
>99 %, Aldrich) were washed with acetic acid, methanol, and
diethyl ether and dried under vacuum. N-Isopropylacrylamide
(98 %, Shanghai Wujing Chem. Co. Ltd) was recrystallized
three times from a mixture of benzene and n-hexane (1:3 v/v).
Methyl methacrylate (99 %, Aldrich) was passed through a
basic alumina column to remove the inhibitor and then distilled
from CaH, under vacuum before use. Tris(2-(dimethylamino)
ethyl) amine (Me,TREN) was synthesized according to a liter-
ature method.['®)

Measurements

The number-average molecular mass (M,,) and polydispersity
index (PDI) of polymers were determined by gel permeation
chromatography (GPC) equipped with a Waters 2414 refractive
index detector, a Waters 1525 binary HPLC pump, and three
Waters Styragel HT columns (HT2, HT3, HT4). The columns
were thermostatted at 35°C, and THF was used as an eluent at a
flow rate of 1.0mLmin"'. Calibration was made against
narrowly dispersed polystyrene (PSt); the obtained data were
processed on professional software.

"H NMR (400 or 300 MHz) spectra were recorded in CDCl,
on a Bruker ARX-400 spectrometer or a Varian Gemini 300
spectrometer with tetramethylsilane (TMS) as the internal
reference for chemical shifts.

Synthesis of Hexane-1,6-dial"”!

To a vigorously stirred suspension of chromatographic grade
silica gel (105g, 1.75mol) in CH,Cl, (500mL) was added
dropwise an aqueous solution of NalO, (0.65M, 105mL,
68.2 mmol). A solution of frans-cyclohexane-1,2-diol (6.08 g,
52.3 mmol) in CH,Cl, (200 mL) was then added, and the reac-
tion was stirred for 24 h. The mixture was filtered on sintered
glass, and the silica gel was thoroughly washed with CH,Cl,.
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Evaporation of the solvent afforded the title compound as a
colourless oil. No further purification was necessary. Yield
75%. 6y (CDCl;, ppm) 9.78 (t, 2H, CHO), 2.49 (m, 4H,
CH,CHO), 1.67 (m, 4H, CH,).

Synthesis of PA-1

Hexane-1,6-dial (0.114 g, 1.00 mmol), 2-bromoisobutyric acid
(0.334g, 2.00mmol), 1,6-diisocyanohexane  (0.136g,
1.00 mmol), and CHCIl; (1 mL) were added to a 25-mL Schlenk
flask and subjected to one freeze—pump—thaw cycle. The mix-
ture was stirred at 40°C, and after 48 h, the reaction mixture was
precipitated into diethyl ether to obtain a brown solid (yield
94 %; M, 12.5kDa; PDI, 2.29).

Kinetics Study of the Backbone Formation

Hexane-1,6-dial (0.114g, 1.00mmol), 2-bromoisobutyric
acid (0.334g, 2.00mmol), 1,6-diisocyanohexane (0.136g,
1.00 mmol), and CDCl; (1 mL) were added to a 5-mL Schlenk
flask and subjected to one freeze—pump—thaw cycle. The mix-
ture was stirred at 40°C. Samples were taken out at the desired
time for the "H NMR and GPC analysis.

Synthesis of PA-g-PMMA

PA-1 (0.0292 g, containing 0.100 mmol Br), MMA (1.00 g,
0.010 mol), CuBr (0.0143 g, 0.100 mmol), and THF (4 mL) were
added to a 25-mL Schlenk flask and subjected to three freeze—
pump—thaw cycles; then bipyridine (0.0156 g, 0.100 mmol) was
added. After three more freeze—pump—thaw cycles, the mixture
was stirred at 40°C under an N, atmosphere. After 7h, the
reaction mixture was passed through a column packed with
Al,03 to remove the copper salt. The solution was then poured
into diethyl ether, producing a white precipitate. The precipitate
(PA-g-PMMA) was collected and vacuum-dried (yield 23 %;
M,, 82.0kDa; PDI, 1.31).

Methanolysis of PA-g-PMMA

PA-g-PMMA (0.10g, ~0.04 mmol ester groups), NaOH
(0.010g, 0.25mmol), and CH;0H (4mL) were added to a
10-mL flask and stirred at 30°C. After 12 h, the solution was
concentrated under vacuum to give a white solid. The solid
was dissolved in THF (2mL). The solution was then poured
into pentane (20 mL), producing a white precipitate. The pre-
cipitate was collected and vacuum-dried (yield 81%; M,
5.9kDa; PDI, 1.29).

Synthesis of PA-g-PNIPAM

PA-1 (0.0292 g, 0.100 mmol Br), NIPAM (1.13 g, 0.010 mol),
CuCl (0.0098 g, 0.100 mmol), and 2-propanol (2mL) were
added to a 25-mL Schlenk flask and subjected to three freeze—
pump—thaw cycles; then Meg TREN (0.0230 g, 0.100 mmol) was
added. After three more freeze—pump—thaw cycles, the mixture
was stirred at 30°C under an N, atmosphere. After 16h, the
reaction mixture was passed through a column packed with
Al,O5 to remove the copper salt. The solution was then poured
into diethyl ether, producing a white precipitate. The precipitate
(PA-g-PNIPAM) was collected and vacuum-dried (yield 44 %;
M,, 87.3 kDa; PDI, 1.52).

Hydrolysis of PA-g-PNIPAM

PA-g-PNIPAM (0.10g, ~0.07 mmol ester groups), NaOH
(0.020 g, 0.50 mmol), and CH3;0H/H,O (1 : 1,4 mL) were added
to a 10-mL flask and stirred at 30°C. Hydrochloric acid
(0.50mL, 1 mol L") was added to neutralize the solution after
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stirring for 12 h. The solution was concentrated under vacuum to
give a white solid. The solid was dissolved in THF (2 mL). The
solution was then poured into diethyl ether (20 mL), producing a
white precipitate. The precipitate was collected and vacuum-
dried (yield 82 %; M, 5.9kDa; PDI, 1.16).

One-pot Synthesis of PA-g-PNIPAM’ and Subsequent
Hydrolysis

Hexane-1,6-dial (0.114 g, 1.00 mmol), 2-bromoisobutyric acid
(0.334 g,2.00 mmol), 1,6-diisocyanohexane (0.136 g, 1.00 mmol),
and CDCl; (1 mL) were added to a 25-mL Schlenk flask and
subjected to one freeze—pump-thaw cycle. The mixture was
stirred at 40°C under an N, atmosphere. During the polymeri-
zation, several samples were taken out for GPC and 'H NMR
analysis. The solvent was removed under vacuum after stirring
for 48 h, and a brown solid (PA-1") was obtained (yield > 99 %;
M, 9.2kDa; PDI, 2.10). After taking out most of the solid,
0.0292 g of PA-1’ (0.100 mmol Br) remained, and NIPAM
(1.13 g, 0.010mol), CuCl (0.0098¢g, 0.100mmol), and 2-
propanol (2 mL) were added to the Schlenk flask and subjected
to three freeze—pump-thaw cycles; then MesTREN (23.0 mg,
0.100 mmol) was added. After three more freeze—pump—thaw
cycles, the mixture was stirred at 30°C under an N, atmosphere.
After 16 h, the reaction mixture was passed through a column
packed with Al,O3 to remove the copper salt. The solution
was then precipitated in diethyl ether, and a white solid
(PA-g-PNIPAM’) was obtained and vacuum-dried (yield 43 %;
M,, 989kDa; PDI, 1.27). PA-g-PNIPAM’ (0.10g,
~0.06 mmol ester groups), NaOH (0.020 g, 0.50 mmol), and
CH;0H (4 mL) were added to a 10-mL flask and stirred at 30°C.
Hydrochloric acid (0.50 mL, 1 mol L") was added to neutralize
the solution after stirring for 12 h. The solution was concentrated
under vacuum to give a white solid. The solid was dissolved in
THF (2mL). The solution was then poured into diethyl ether
(20mL), producing a white precipitate. The precipitate
(PNIPAM') was collected and vacuum-dried (yield 75 %; M,,
8.6kDa; PDI, 1.14).

Synthesis of PA-2

PA-2 was synthesized following the same procedure as for
PA-1, except that 11-hydroxyundecanoic acid was used as the
starting material (yield 93 %; M,, 11.2kDa; PDI, 4.19).

Synthesis of PA-g-PCL

PA-2(0.0397 g, 0.1 mmol OH) was dissolved in dry THF (4 mL)
in a 50-mL dry flask under an inert atmosphere. Then toluene
(40mL) and CL (1.14g, 10mmol) were added. After two
freeze—pump—thaw cycles, Sn(Oct), (0.0004 g, dissolved in
toluene) was added into the flask via syringe. The mixture was
gently refluxed under nitrogen at 110°C. After 2h, excess
cold methanol was poured into the solution to terminate the
reaction and precipitate the product. The white precipitate was
collected by filtration, redissolved in THF, and the solution was
then poured into diethyl ether, producing a white precipitate.
The precipitate (PA-g-PCL) was collected and vacuum-dried
(yield 54 %; M,, 119.2kDa; PDI, 1.56).

Results and Discussion

All the starting materials, except hexane-1,6-dial, which
was synthesized according to a literature method (Fig. S1),I'”!
are commercially available. We first conducted the polymeri-
zation of hexane-1,6-dial, 2-bromoisobutyric acid, and 1,
6-diisocyanohexane (molar ratio 1:2: 1) in chloroform at 30°C
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Fig. 1. Gel permeation chromatography (GPC) traces of PA-1, PA-g-PMMA and PMMA (a); '"H NMR spectra of PA-g-PMMA (b); and PMMA (c).
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Fig. 2. "HNMR (a); and '*C NMR (b) spectra of PA-1.

according to our previous procedure.*™71 A kinetics study
showed the rapid conversion of monomers (Fig. S2), and after
48h, PA-1 was obtained in 94 % yield (M, = 12.5kDa, PDI
=2.29) (Fig. 1a). The structure of PA-1 was confirmed by the
"H NMR and "*C NMR spectra (Fig. 2).

The ATRP of MMA initiated by PA-1 was then conducted in
THF at 40°C ([MMA]y/[Br of PA-1]y/[CuBr]y/[bpy]o=100:1
:1:1). A preliminary experiment showed that polymers with
M, =43.7kDa and PDI = 1.79 were obtained after 2 h (Fig. S3)
at 4% conversion of MMA. By increasing the polymerization
time to 7 h, PA-g-PMMA with M, =82.0kDa and PDI =1.31
was obtained at 23 % conversion of MMA (Table 1, Fig. 1a). The
GPC trace shows that the obtained polymer had much a higher

apparent molecular mass than that of the PA-1 precursor,
indicating the formation of graft copolymers (Fig. la). The
structure of PA-g-PMMA was confirmed by the 'H NMR
spectrum shown in Fig. 1b. The methyl protons of the side
2-bromoisobutyrate groups of PA-1 appearing at 2.1 ppm
completely disappeared in PA-g-PMMA, and the main chain
protons were invisible in the spectrum, indicating the complete
reaction of the attached initiators. As one feature of the graft
copolymers, the sidle PMMA chains were connected to the PA
main chain via ester linkages. Therefore, these PMMA chains
could be easily detached from the main chain via methanolysis
of PA-g-PMMA in methanol/NaOH at 30°C for 12h, and
PMMA was obtained in 81% yield. The GPC trace of the
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Table 1. Summary of gel permeation chromatography (GPC) data of the polymer backbones, graft
copolymers and side chains
PDI, polydispersity index
Backbones Graft copolymers Side chains

M, [kDa] PDI M, [kDa]  PDI M, [kDa] PDI
PA-1 12.5 229  PA-g-PMMA 82.0 131 PMMA 59 1.29
PA-1 PA-g-PNIPAM 87.3 1.52  PNIPAM 5.9 1.16
PA-1' 9.2 2.10  PA-g-PNIPAM' 98.9 1.27  PNIPAM’ 8.6 1.14
PA-2 11.2 419  PA-g-PCL 119.2 156  PpCL* - -

AThe PCL side chains could not be selectively detached from backbones.

(b)

Cl HN4<

o
m
[e]
O o H
(a) \/\/\/\H
n

— PA-1 O o

—— PA-g-PNIPAM o

—— PNIPAM

O b/ 2
e>—NH mg) e
d ¢
d
a
3 8 3 5 &
T T T T 1 — — 2 < 2,
10 15 20 25 30 8 7 6 5 4 3 2 1 0
Retention time [min] o [ppm]
(c)
(0]

(0]

' —————a——
< < © ©O
S =3 - o
- S Qi ©

8 7 6 5 3 2 1 0

o [ppm]

Fig.3. Gelpermeation chromatography (GPC) traces of PA-1, PA-g-PNIPAM, and PNIPAM (a); 'H NMR spectra of PA-g-PNIPAM (b); and PNIPAM (c).

formed PMMA is shown in Fig. la; it gives a PMMA with
M, =5.9kDa and PDI = 1.29. This low PDI compared with the
graft copolymers implies that the ATRP of MMA occurred in a
controlled manner. The "H NMR spectrum of the detached
PMMA shown in Fig. 1c also confirmed the structure.
Similarly, the ATRP of NIPAM initiated by PA-1 was
conducted in 2-propanol at 30°C ([NIPAM]y/[Br of PA]y/
[CuCl]o/[MegTREN]o=100:1:1:1).2" After 16 h, the GPC
trace of the resulting polymer shifted to a higher apparent
molecular mass, and a graft copolymer, PA-g-PNIPAM, with
M, =87.3kDa and PDI =1.52, was obtained at 44 % conver-
sion of NIPAM (Table 1, Fig. 3a). The structure of PA-g-
PNIPAM was confirmed by its '"H NMR spectrum (Fig. 3b).

—PA-1’
—— PA-g-PNIPAM’
—— PNIPAM'

15 20 25 30
Retention time [min]

Fig. 4. Gel permeation chromatography (GPC) traces of PA-1’,
PA-g-PNIPAM’, and PNIPAM'.
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This graft copolymer can also be hydrolyzed to liberate the
PNIPAM side chains; the GPC trace of PNIPAM shown in
Fig. 3a gives a polymer with M;, = 5.9 kDa and PDI = 1.16. This
polymer was pure PNIPAM as confirmed by the '"H NMR
spectrum shown in Fig. 3c. Thus, the graft polymerization of
NIPAM was also a controlled polymerization.

Next, we tested the one-pot two-step synthesis of PA-g-
PNIPAM'. The MCP of hexane-1,6-dial, 2-bromoisobutyric
acid, and 1,6-diisocyanohexane was conducted in CHCI; at
40°C. An aliquot was taken out periodically for GPC and
NMR measurements. From the kinetics study, we know that
the conversion of the functional groups was over 95 % after 48 h.
A polymer sample (PA-1', M,=9.2kDa, PDI=2.10) was
obtained (Table 1, Fig. 4), and the structure was confirmed to
be essentially the same as PA-1 (Fig. S4). At this stage, the
solvent was removed under vacuum, and 2-propanol was added
to dissolve the resulting polymers, followed by the addition of
NIPAM, CuCl, and MesTREN. The solution was further treated
under normal ATRP conditions, and was allowed to polymerize
at 30°C for 16 h to get the graft copolymer, with M, =98.9kDa
and PDI=1.27 (Table 1, Fig. 4). Again, the structure of this
PA-g-PNIPAM’ was confirmed by "H NMR spectra (Fig. S5),
and after hydrolysis, PNIPAM’ was recovered (Fig. 4; M,
8.6kDa, PDI 1.14; Fig. S5). Thus, the one-pot synthesis of graft
copolymers was achieved.

Finally, a combination of Passerini-based MCP and ROP of
CL yielded PA-g-PCL (Table 1). When ROP initiated by PA-2
was conducted in toluene, the GPC trace of the resulting
polymer shifted to a higher apparent molecular weight, and a
graft copolymer, PA-g-PCL, was obtained at 72 % conversion
of CL (Fig. S6). The structures of PA-2 and PA-g-PCL were
confirmed by "H NMR (Fig. 5). Thus, Passerini-based MCP can
also be used to construct backbones that are suitable for the ROP
of lactones.

Conclusions

We have demonstrated a conceptually new approach to graft
copolymers with polyamide backbones and vinyl polymers or
polyesters as the side chains. The process was a ‘grafting from’
strategy via the combination of Passerini MCP and controlled
chain-growth polymerization of vinyl monomers and lactones.
The branching structures with initiating activity were formed in
situ during the MCP, and were connected to the polyamide main

chain via ester linkages. This feature makes the recovery and
characterization of the side chains possible. The easy accessi-
bility of monomers together with the advantage of functional
group tolerance offers an interesting new access to grafting
copolymers with polyamide backbones. Further extending the
synthetic scope of Passerini MCP is under way in our laboratory.

Supplementary Material

Synthetic schemes (Scheme S1-S3), "H NMR spectra and GPC
traces (Figs S1-S6) are all available on the Journal’s website.
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