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Abstract: A method for the synthesis of functionalized
alternating copolymers by reversible deactivation radical
polymerization was developed. Copolymerization by
reversible addition–fragmentation chain transfer of hex-
enyl vinyl ether with a novel fluorinated divinyl mono-
mer yields alternating cyclopolymers that can be chemo-
selectively modified by three distinct orthogonal
functionalization reactions. Along the thiol-ene click
reaction and amidation, a third functionalization was
achieved via NHC-catalyzed transesterification or acyla-
tion resulting in a small library of ABC-type alternating
terpolymers.

Introduction

Polymers found in nature (i.e. proteins, DNA and poly-
saccharides) exhibit a broad range of possible structures and
show defined and unique functions. The control of structure
and function is mainly attributed to the uniformity and
perfect arrangement of functional building blocks (secon-
dary and tertiary structure) in a defined sequence (primary
structure). In contrast to the sequence-defined biopolymers,
synthetic polymers are far less complex and mostly consist
of only a few repeating building blocks with disperse chain
lengths. Although possible, the construction of monodis-
perse, sequence-defined synthetic macromolecules with
methods like an iterative multistep approach is often time
consuming and requires great synthetic effort. But even in
copolymers consisting of only two different monomers the
controlled incorporation of the two monomeric units is often
challenging and, in many cases, disperse polymers with a
statistical distribution of the individual entities along the
polymer chain result. Despite great efforts and progress, the
synthesis of polymers with precisely defined structures
remains one of the biggest challenges of modern polymer
chemistry.[1]

Considering radical polymerization, various methods for
reversible deactivation radical polymerization (RDRP) have
been developed over the last two decades. These methods
allow the control of molecular weight, chain-end structure
and the polymer architecture to some degree.[2] Moreover,
radical polymerization can be conducted with a wide range
of monomers like styrenes, (meth)acrylates,
(meth)acrylamides which carry various functional pendant
groups. Considering radical copolymerization, the differ-
entiation of two monomers by the reactive growing

polymeric radical is difficult and hence often not selective
providing random copolymers. However, alternating radical
copolymerization is feasible for electronically divergent
monomer pairs.[3] In these systems the monomer reactivity
ratios are close to zero, therefore favoring crosspropagation
over homopropagation.[4] Other methods to achieve an
alternating sequence include the copolymerization of mono-
mers with bulky pendant groups[5] or the elegant selective
cyclopolymerization of divinyl monomers with cleavable
pendant groups.[6] With the latter two approaches, the
alternating copolymerization of comonomers that show
similar reactivity has been realized.[7] The obtained se-
quence-controlled polymers may show a high degree of
alternation, but lack the uniformity in terms of chain length
and thus are different to the above-mentioned sequence-
defined polymers.
Inspired by our previous studies on the alternating

copolymerization of two electronically distinct monomers
i.e. hexafluoroisopropyl acrylate and various vinyl ethers,[8]

we decided to implement the divinyl monomer 1 with a
cleavable linker moiety as a cyclizing building block leading
to an electron-poor growing C-radical in combination with
vinyl ether 2 which leads upon incorporation to an electron-
rich C-radical ensuring an alternating sequence with these
two building blocks. As polymerization technique, we
selected reversible addition–fragmentation chain transfer
(RAFT). Owing to the nature of the pendant groups,
copolymer 3 can be chemically further modified by three
distinct orthogonal functionalization reactions i.e. thiol-ene
click reaction,[9] amidation[10] and transesterification[11,12] or
acylation[13] to yield various ABC-type alternating terpol-
ymers 4 (Scheme 1).[14]
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Scheme 1. Synthesis of alternating cyclopolymer 3 and subsequent
threefold orthogonal functionalization leading to alternating ABC-type
terpolymers.
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Results and Discussion

Divinyl monomer 1 was prepared as a diastereoisomeric
mixture (dr�1:1, racemic) starting from commercially
available 1,1,1,5,5,5-hexafluoropentan-2,4-dione in a three-
step procedure on a multigram scale with 14% overall yield
(see the Supporting Information). We started our inves-
tigations by cyclocopolymerization of divinyl monomer 1
(1.0 equiv) with n-butyl vinyl ether (NBVE, 1.0–8.0 equiv)
as the electron-rich comonomer and identified RAFT
polymerization as the RDRP method of choice, as it is
compatible with (meth)acrylates and vinyl ethers.[15] Poly-
merizations were conducted in sealed tubes (70 °C, 2–27 h)
with dimethyl malonyl benzodithioate (5) as the chain
transfer agent (CTA, 1–15 mol%) and α,α’-azobisisobutyr-
onitrile (AIBN) as the initiator (0.5–1 mol%) in trifluoroto-
luene under diluted conditions to suppress potential cross-
linking reactions between the growing polymer chains
(Scheme 2, Table 1). The crude product was purified by size-
exclusion chromatography (SEC) in CH2Cl2 and the
obtained polymer 6 was analysed by 1H NMR spectroscopy
and ESI or MALDI mass spectrometry (see Supporting
Information). In addition, the average molecular weight and
the polydispersity index were approximated by single
detection direct calibration GPC against PMMA standards
(the obtained polymers differ considerably from the used
standards in terms of complexity).

We first investigated the copolymerization with equimo-
lar amounts of both comonomers for 2 h with a concen-
tration of 0.1 molL� 1 and obtained the copolymer 6 with a 1/
NBVE incorporation ratio of 55 :45, as determined by
1H NMR spectroscopy (Table 1, entry 1). Doubling the
amount of NBVE enhanced the incorporation of the latter
monomer resulting in a ratio of 53 :47 (entry 2) and with a
fourfold NBVE-excess, copolymer 6 was obtained with an
incorporation ratio of 51 :49 (entry 3). Pleasingly, an equi-
molar incorporation of both comonomers based on NMR
analysis was achieved with a monomer feed ratio of 1 :8
(entry 4). Under these conditions we also prepared a low
molecular weight copolymer using a larger amount of CTA
(10 mol%) to investigate the chain composition in more
detail by mass spectrometry (entry 5). Unfortunately, poly-
mer chains containing a larger fraction of the vinyl ether
entity were also detected. Since NBVE is not able to
undergo homopolymerization under the selected conditions
for electronic reasons,[15,16] we assumed that the additional
NBVE units present must have been incorporated between
the acrylate and methacrylate moiety. Obviously, radical
cyclization of the intermediate α-ester C-radical cannot fully
compete with intermolecular addition to NBVE. To favour
the cyclization of the growing polymer α-ester C-radical, we
further decreased the concentration to 0.05 molL� 1 (en-
try 6), which indeed increased the degree of alternation, but
complete suppression of the unwanted side reaction could
not be achieved (see Supporting Information). Mass spec-
trometry analysis also revealed, that all of the polymer
chains carry a dimethyl malonate moiety (from reinitiation
by 5) as the headgroup and most copolymers terminate with
NBVE units at both ends of the chain as indicated in the
structure 6.
With the optimized conditions in hand, we targeted

larger molecular weight cyclocopolymers by increasing the
reaction time and by further decreasing the CTA loading
from 2 to 1 mol% (entries 7 and 8). High conversion was

Scheme 2. Alternating copolymerization of divinyl monomer 1 with
NBVE.

Table 1: Conditions for copolymerization of divinyl monomer 1 and various vinyl ethers. Reactions were carried out with PhCF3 as the solvent and
1 mol% AIBN as the initiator at 70 °C.

Entry CTA Reagent Vinyl ether Monomer ratio
of 1/vinyl ether

t [h] c [molL� 1] of 1 Incorporation ratio
of 1/vinyl ether[a]

DPn,1 Mn,exp [gmol� 1][b] PDI[b]

1 5 (2 mol%) NBVE 1 :1 2 0.1 55 :45 9 5800[a] –[c]

2 5 (2 mol%) NBVE 1 :2 2 0.1 53 :47 12 7200 1.3
3 5 (2 mol%) NBVE 1 :4 2 0.1 51 :49 11 7000 1.2
4 5 (2 mol%) NBVE 1 :8 2 0.1 50 :50 16 9600[a] –[c]

5 5 (10 mol%) NBVE 1 :8 18 0.1 48 :52 9 5500 1.2
6 5 (15 mol%) NBVE 1 :8 27 0.05 50 :50 5 3100[a] –[c]

7 5 (2 mol%) NBVE 1 :8 5 0.05 50 :50 41 25000 1.2
8[d] 5 (1 mol%) NBVE 1 :8 4 0.05 50 :50 96 56800 1.2
9 – NBVE 1 :8 2 0.05 50 :50 646 880000 2.5
10 5 (2 mol%) OVE 1 :8 16 0.05 51 :49 41 28800 1.8
11 11 (2 mol%) OVE 1 :8 15 0.05 51 :49 40 26 000 1.5
12 11 (2 mol%) DVE 1 :8 15 0.05 51 :49 28 19500 1.5
13 11 (2 mol%) HVE 1 :8 15 0.05 51 :49 36 22500 1.4
14 11 (2 mol%) HVE 1 :8 24 0.05 51 :49 49 30600 1.4
15 – HVE 1 :8 3 0.05 51 :49 148 93000 5.4

[a] Determined by 1H NMR spectroscopy. [b] Approximated by GPC at 25 °C using THF as the eluent against PMMA standards. [c] Not determined.
[d] 0.5 mol% AIBN used.
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achieved in both cases (>90%). The obtained polymers
show a narrow PDI of 1.2 and copolymers 6 with an Mn of
25000 and 57000 gmol� 1 were obtained. Without addition of
the CTA the obtained polymer also shows an equimolar
incorporation ratio of both monomers, but the high average
molecular weight of 880000 g mol� 1 and the increased PDI
of 2.5 indicate the expected loss of control over the polymer-
ization (entry 9). In addition, we were able to use the
prepared poly(1-alt-NBVE) 6 as a macroRAFT reagent to
control the polymerization of methyl methacrylate
(625 equiv, PhCH3, 70 °C, 20 h) yielding block copolymer
poly(1-alt-NBVE)-block-poly(methyl methacrylate)
(97000 gmol� 1, PDI=1.4) demonstrating a high degree of
livingness of the cyclocopolymerization process (see Sup-
porting Information).
To check whether the addition of α-alkoxy radicals, that

are generated as growing polymeric radicals during the
copolymerization, to the divinyl building block 1 occurs
regioselectively, we reacted 1-butoxyethyl phenyl selenide as
a precursor of an α-butoxy C-radical with 1 under reductive
conditions with tin hydride in a model radical addition/
cyclization cascade to give 7a as a mixture of diastereoisom-
ers (Scheme 3). To simplify NMR-analysis, this reaction was
conducted using diastereoisomerically pure divinyl mono-
mer syn-1 (racemic). Note that in the cyclocopolymerisation
no change in polymerization efficiency was noted upon
switching from the isomerically pure divinyl monomer syn-1
to a diastereoisomeric mixture of 1. Pleasingly, C-radical
addition to syn-1 occurred with complete regioselectivity to
the vinyl group of the acrylate moiety indicating a high
degree of sequence-control along the polymer chain in the
corresponding cyclocopolymerization process. The regioiso-
meric product 7b was not formed. The high regioselectivity
observed is caused by electronic effects as the two CF3-
groups and the acetal functionality further increase the
electrophilicity of the acrylate-type double bond in 1.

Next, the reactivity ratios of the comonomer pair 1 and
NBVE were determined. Polymerizations were carried out
with different monomer feeds and stopped at low conver-
sions. The incorporation ratios were plotted and the Mayo–
Lewis copolymerization equation was fitted to the resulting
graph using the least square method (see Supporting
Information).[17] With r1=0.14 and r2=0 the values are
either very close to or are at zero, which further supports
our findings that copolymerization occurs in an alternating
mode.
We continued the studies by investigating the chemo-

selective postfunctionalization of poly(1-alt-NBVE) 6
(Scheme 4). The hexafluoroacetone acetal ester moiety in 6
is known to react with nucleophilic amines to the corre-
sponding amides.[18] Unfortunately, the benzodithioate
group of 6 was found to exhibit a similar reactivity towards
amines generating free thiol groups, that can form disulfides
or undergo backbiting at esters to form thiolactones.[19] As
both side reactions would alter the polymer architecture, we
had to first remove the benzodithioate group applying a
known reaction with Et3B/air.

[20]

The desulfurized copolymers derived from 6 (Mn=

25000 molL� 1, PDI=1.2, 1.0 equiv) were then reacted with
various amines (2.0–4.0 equiv) in a mixture of THF and
DMF (1 :1) at room temperature for 16 h (Table 2). After
purification by SEC in CH2Cl2, polymers of type 8 were
obtained. A high degree of functionalization (>99%) was
achieved in the amidation reaction, as confirmed by 1H-,
19F NMR and mass spectrometry analysis for linear, α-
branched and benzylic primary amines (see Supporting
Information). Morpholine could also be employed, albeit
reaction time had to be extended to 72 h (functionalization
>95%). Importantly, the second type of ester moiety that is
sterically shielded by the α-quaternary C-centre and elec-
tronically less activated remained untouched under these
conditions and hence the resulting polymeric products 8 still
carry activated α-trifluoromethylalkyl ester entities with

Scheme 3. Reductive addition/cyclization of 1-butoxyethyl phenyl
selenide to syn-1 as a model reaction.

Scheme 4. Orthogonal postmodification of poly(1-alt-NBVE) 6 via
desulfuration, amidation and subsequent transesterification or acyla-
tion.
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additional free hydroxyl groups, which opens the possibility
for a second postfunctionalization by either transesterifica-
tion at the activated esters or acylation of the free alcohols.
Inspired by our studies on the NHC-catalyzed trans-

esterification of polytrifluoroethyl acrylate, transesterifica-
tion of 8 was investigated.[12] N,N-di(tert-butyl)imidazol-2-
ylidene (ItBu) was selected as the NHC catalyst with 1,4-
dioxane as the solvent at 100 °C and we were pleased to
achieve full conversion to polymers of type 9 after 3 d for
linear and benzylic alcohols (15 equiv, 9a–9c) in good to
excellent yields. In addition, we also conducted acylation
reactions on 8 with acyl halides (1.5 equiv) in the presence
of triethylamine (1.5 equiv) in CH2Cl2 for 16 h and were
able to isolate polymers of type 9 in excellent yields (9a and
9b). The high degree of postfunctionalization was confirmed
by 1H- and 19F NMR analysis (see Supporting Information).
For low molecular weight polymers, mass spectrometry can
also be used to analyse reaction outcome (see Supporting
Information). GPC analysis of product polymers 9 and 10
after purification by SEC revealed that the average molec-
ular weight slightly decreased (20600 to 21800 gmol� 1) while
the PDI (1.2) remained narrow for 9. The molecular weight
(25500 and 27800 g mol� 1) and the PDI (1.3) slightly
increased for polymers 10. The different Mn measured can
be explained by different GPC behaviour of polymer 6 in
comparison to 9 and 10.
Finally, in order to apply the introduced strategy to the

preparation of alternating polymers with three orthogonally
addressable functionalities, we replaced NBVE by oct-7-
enyl vinyl ether (OVE) (8 equiv of vinyl ether, c1=

0.05 molL� 1, PhCF3, 1 mol% AIBN) and copolymerization
with 1 was achieved with CTA 5 under similar conditions
(incorporation ratio of 1 to OVE was 49 :51, see Table 1,
entry 10), indicating a high degree of alternation. The
reaction time had to be increased (16 h), as the polymer-
ization with OVE proceeded slower. Unfortunately, the PDI
increased to 1.8. We therefore switched to dimethyl malonyl
4-cyanobenzodithioate (11) as the CTA that provided the
targeted copolymer with a PDI of 1.5 (entry 11). With dec-9-
enyl vinyl ether (DVE) as the comonomer a similar result

was obtained (entry 12), while with hex-5-enyl vinyl ether
(HVE, 2) the PDI further decreased and copolymer 3 with a
PDI of 1.4 resulted (entry 13). In both cases, the polymer-
ization proceeded slower as compared to the NBVE process,
but the incorporation ratio of 1 with respect to the vinyl
ether stayed consistently at 51 :49. Copolymerization of 1
with HVE for 24 h resulted in 3 with an average molecular
weight of 30600 gmol� 1 and a PDI of 1.4, that was used as a
model substrate for the subsequent postfunctionalization
steps (entry 14, Scheme 5). The polymerization could also be
conducted without the addition of the CTA resulting in the
same ratio of 51 :49, but again with an increased average
molecular weight (93000 gmol� 1) and PDI of 5.4 (entry 15).
We also determined the reactivity ratios for the 1/HVE pair,

Table 2: Orthogonal difunctionalization of 6 to give either 9 or 10.

Entry Amine Alcohol or
acyl halide

Mn,exp
[a] [gmol� 1] PDI[a] Yield[b,c] [%]

(Product)

1 21800 1.2 >99 (9a)

2 20600 1.2 >99 (9b)

3 20900 1.2 71 (9c)

4 25500 1.3 >99 (10a)

5 27800 1.3 98 (10b)[d]

[a] Approximated by GPC at 25 °C using THF as the eluent against PMMA standards. [b] Isolated yield after two functionalization steps. [c] The
degree of functionalization was >98% for both postmodification reactions. [d] The degree of functionalization for the amidation was >98% and
96% for the second postmodification.

Scheme 5. Synthesis of alternating cyclopolymer 3 and subsequent
threefold orthogonal functionalization.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202206964 (5 of 7) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



with r1=0.15 and r2=0 they are similar to the 1/NBVE
system indicating an alternating copolymerization process.
First, the removal of the reactive end group with Et3B/

air proceeded smoothly without degradation of the terminal
double bonds of 3 (see Supporting Information). The thiol-
ene click reaction was conducted with an excess of thiol
(5.0 equiv) and 2,2-dimethoxy-2-phenylacetophenone
(0.2 equiv) as the photoinitiator in THF under UV light
(365 nm) irradiation for 3 h. The degree of functionalization
was >99% for all tested thiols and was confirmed by NMR
spectroscopy. A low molecular weight sample was also
characterized by mass spectrometry and no partially un-
reacted polymer side chains were detected. Subsequent
amidation of the product copolymer was conducted in
analogy to the modification of poly(1-alt-NBVE) to afford
copolymers of type 12, which were further functionalized
with the established conditions for either transesterification
to 13 or acylation to 14. For the transesterification a larger
excess of alcohol (30 equiv) was needed for full conversion.
A variety of different thiols, amines, alcohols and acyl
halides were successfully utilized for the sequential chemo-
selective threefold modification of poly(1-alt-HVE) 3 (Ta-
ble 3). The employed thiol component could bear fluori-
nated alkyl groups (entry 1 and 6), α-branched alkyl groups
(entries 2–4 and 7), an ester moiety (entry 5), a benzylic
position (entry 8) or free hydroxyl groups (entry 9). For the
second step, benzylic (entry 1) as well as propargylic amines
(entry 2) engaged in the reaction and alkoxy groups (entry 3,
4 and 6), cycloalkyl moieties (entry 5), imidazoyl (entry 7)
and hydroxyl groups (entry 8 and 9) were also introduced by
the amidation process. Alternating ABC-type terpolymers
12a–12c carry functional groups, that would also be

addressed in the third functionalization step, so the
modification was stopped after amidation. Some of the other
polymers were subjected to the final transesterification with
aliphatic alcohols (13a,c). Aminoalcohols could be used
(13b) and ethylene glycol also reacted well (13d) without
crosslinking of the polymer chains. Considering acylation as
the final step, we were able to introduce a highly fluorinated
side chain (14a) and a thiophene moiety (14b).

Conclusion

In summary, we have developed a new divinyl monomer 1
for the alternating copolymerization with vinyl ethers by
RAFT polymerization. The divinyl monomer 1 was carefully
designed so that electronic effects steer the control of the
alternating radical cyclopolymerization. Moreover, elec-
tronics build into this building block are also of key
importance for the subsequent orthogonal chemical func-
tionalization. Hence, the obtained cyclopolymers were
chemoselectively modified in up to three distinct and
orthogonal functionalization reactions yielding alternating
ABC-type terpolymers. Copolymers were analysed by 1H,
19F NMR, GPC and MS. Subsequent sequential functionali-
zation of poly(1-alt-NBVE) 6 by amidation and transester-
ification or acylation was achieved with high efficiency (>
95%). With HVE 2 as the vinyl ether monomer component,
poly(1-alt-HVE) (3) was obtained that contains a terminal
alkene moiety as an additional addressable chemical
functionality. Various thiols, amines and alcohols or acyl
halides were used to synthesize a small library of different
types of functionalized alternating ABC-type terpolymers 4.

Table 3: Used substrates for the orthogonal threefold functionalization of 11.

Entry Thiol Amine Alcohol or
Acyl halide

Mn,exp
[a]

[gmol� 1]
PDI[a] Degree of

Functionalization [%][b]
Yield [%][c] Product

1 37100 1.4 >98 73 13a

2 [d] [d] 98 88 13b

3 26100 1.6 >98 84 13c

4 23400 1.5 97 81 13d

5 [d] [d] 96 94 14a

6 36200 1.4 >98 77 14b

7 [d] [d] >98 >99 12a

8 33700 1.5 >98 >99 12b

9 26700 1.5 >98 93 12c

[a] Approximated by GPC at 25 °C using THF as the eluent against PMMA standards. [b] Determined by 1H NMR or 19F NMR spectroscopy.
[c] Isolated yield after two or three functionalization steps. [d] No GPC data was acquired due to poor solubility in THF.
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