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Abstract: The post-polymerization functionalization of
polyolefins has emerged as a key tool for obtaining new
materials with enhanced properties. With an array of
approaches being already reported, the incorporation of
N-containing fragments en route to the generation of
amino groups in yet scarce and not disclosed for the
metal-catalyzed nitrene transfer strategy. Here we intro-
duce such tactics employing silver-based catalysts for the
incorporation of nitrene NTs (Ts = p-toluenesulfonyl)
groups to commercially available polybutadienes. The
process occurs at room temperature without appreciable
chain scission or cross-linking processes and enables pre-
cise control of the degree of functionalization. Thermal
analyses demonstrate a correlation between such degree

and the T, values of the functionalized polymers.
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P olymers are essential components of many common items
in our lives: clothing, packaging, electronics, medical devices,
or the food industry, among others, use macromolecular
compounds.['] They are usually made from a monomer, which
is then polymerized into the desired product (Scheme 1a),
very often using a metal-based catalyst to control the
polymerization process.[’] In this manner, the polymer has
the properties required for its final use. In some cases, the
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Scheme 1. Polyolefin functionalization by metal-catalyzed
carbon—nitrogen bond formation. a) Post-polymerization
functionalization strategy. b) Polymer functionalization by catalytic C-N
bond formation. c) The metal-catalyzed nitrene transfer reaction. d) This
work: polyolefin catalytic functionalization by nitrene addition.
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a) Catalyst screening for nitrene transfer to 1,2-polybutadiene (P1)
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Scheme 2. Functionalization of 1,2-polybutadiene by catalytic nitrene addition. a) Catalyst screening. b) >N NMR and GPC traces of the
functionalized polymer samples.

desired polymer contains polar groups,?! and this strategy of ~ or epoxidation of polyolefins have been achieved upon
monomer polymerization may fail due to the deactivation of  using catalytic systems previously described for discrete
the catalyst with the polar monomer. An alternative strategy  substrates.

consists in adding the polar group to an already prepared In this context, the controlled incorporation of N-
polymer (Scheme 1a); this functionalization a posterioril¥!  containing polar groups into polymers remained unknown
has been successfully applied in many cases, either in a  until recently, when two pioneering examples were described
stoichiometric or catalytic manner.>] These examples are  (Scheme 1b). Hartwig reported!'’! the use of copper-based
always a catalytic translation from the “single molecule” catalysts for the amination of C—H bonds of saturated
world to a macromolecule: hydroformylation, hydroxylation,  polymers via a dehydrogenative process using amines and
cyclopropanation, borylation, hydroacylation, carboxylation, — peroxides. At the same time, Schafer described!'!l the
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Table 1: Functionalization of P1 under [Tp*BAg], catalysis modifying the polymer ratio.2b)

Isolated yield
Entry [Cat]:[PhI=NTs]:[PT] P1 (g) F-P1 (%)9
1 1:20:50 0.05 66
2 1:20:100 0.1 72
3 1:20:200 0.2 76
4 1:20:500 0.5 83
5 1:20:1000 1.0 89
6 1:20:2000 2.0 97
78) 1:20:500 2.5 85
8h 1:20:500 5.0 87
9 P1 - -

Functionaliz. % NTs
(96)9) incorp.®) Mw (kDa) of
43.5 28 7.08 16
203 35 7.02 1.5
12.7 45 5.01 15
7.1 60 4.62 14
3.8 68 3.78 14
2.2 77 3.68 13
7.0 63 462 14
7.0 61 5.04 1.5
- 5.01 14

2 0.017 mmol [Tp*BrAg], (2% mmol% referred to Phl=NTs), 10 mL DCM, r.t., 4-8 h. ® Functionalization and yields determined by "H NMR using
1,3,5-trimethoxybenzene as internal standard. TsNH; accounted for 100% initial PhI=NTs not added to the polymer. 9 Isolated functionalized
polymer relative to initial polymer (w/w). 9 NTs incorporated referred to final polymer mass (w/w). ® NTs incorporated referred to initial PhI=NTs
(w/w) ) Determined by GPC in THF at 30 °C versus linear PS standards. € Scale-up reaction: mass of polymer, nitrene source, catalyst, and solvent

was scaled up 5 times. "
hydroaminoalkylation of polybutadienes with tantalum-based
catalysts. In both cases, the catalytic system had been
described for alkanes or olefins, respectively. Non-metal-
based examples for the incorporation of amine functionality
into polymer chains have also been reported.['>] Since
the first report of metal-catalyzed olefin aziridination,'®]
more than a thousand contributions have been published
in the literature on this transformation in nearly 60 years.
However, no example of its application to polyolefins has
been yet disclosed. In this study, we describe the appli-
cation of this strategy to such a goal, leading to the
incorporation of NTs (Ts = p-toluenesulfonyl) units into
unsaturated polymers in a process lacking chain scission or
cross-linking (Scheme 1d). In addition to the synthesis and
characterization of the new materials, the effect of the degree
of functionalization on properties of the polymers is also
described.

We selected a representative commercial polybutadiene
P1 (Scheme 2a) derived from 1,2-butadiene polymerization
reaction, with a structure in which all C=C bonds are
pendant vinyl groups. In the first approach, a family of metal-
based catalysts (Scheme 2a) already described for nitrene
transfer reactions were tested using P1 as the substrate and
PhI=NTs as the nitrene source. A 1:20:200 mixture of [cat-
alyst]:[PhI=NTs]:[P1] (0.017 mmol catalyst) was employed
in all cases. A solution of the catalyst in dichloromethane
at room temperature was first combined with P1. Once
dissolved, PhI=NTs was added, and the mixture was stirred
at room temperature until complete dissolution of nitrene
source. NMR analysis of the reaction crudes (see Supporting
Information) revealed the incorporation of nitrene units
in the now functionalized polymer F-P1. By far, the most
active catalyst were TpP?Cu(NCMe) and [Tp*PAg],, in
agreement with their already described high efficiency in
nitrene transfer to unsaturated bonds.[''8] The former gave
a 32% wi/w of nitrene incorporation (NTs incorporated/initial
PhI=NTs) into F-P1, whereas the silver catalyst induced
a higher incorporation (45%). The percentage mass ratio
for NTs/F-P1 are 8.6% and 12.5% for Cu- and Ag-based
catalysts, respectively. The remaining of initial PhI=NTs
was converted into TsNH,, as frequently observed in these
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Mass of polymer, nitrene source, catalyst, and solvent was scaled up 10 times.

transformations. Other metal-based catalysts, including some
dirhodates, induced much lower conversions.

The '"H NMR spectrum of F-P1 shows characteristic
resonances at 2.45, 7.35, and 7.84 ppm, corresponding to the
expected signals for the tosyl groups incorporated to the poly-
mer (see Supporting Information). '’N NMR experiments
were employed to unambiguously demonstrate the presence
of the aziridine ring in the polymeric chains (Scheme 2b).
The N resonance for F-P1 appears at 92.33 ppm, in the
region expected for aziridine rings.['] Reference experiments
with discrete aziridines were run to assess this proposal (see
Supporting Information). In addition to the F-P1 aziridine
nitrogen resonance, the reaction crude allows observing
two additional resonances corresponding to the two dis-
tinct nitrogen nuclei of the pyrazolyl rings of the catalysts
(Scheme 2b).

Having established the potential of the silver-based com-
plex to catalyze the aziridination of vinyl double bonds in
P1, an array of experiments modifying the PhI=NTs:P1 ratio
was carried out to examine the extent of NTs incorporation
into the polymeric chain. Entries 1-5 in Table 1 display the
results obtained when maintaining the catalyst and PhI=NTs
1:20 ratio and varying the amount of polymer in the interval
0.05-5 g. The isolated yield of F-P1 reaches 83%-97% for
experiments using 0.5-2 g, whereas those employing lower
amounts of P1 gave slightly lower yields (66%-76%) due
to some mass loss during workup. The incorporation of NTs
units into polymer clearly depends on the amount of initial
P1, since we use the same 0.34 mmol of the nitrene precursor
for the series shown in entries 1-6. The effectiveness of the
incorporation of NTs units into the polymer referred to the
initial PhI=NTs varies from 28 % for the experiment with just
50 mg (entry 1) of P1to 77% in that with 2 g of polymer (entry
6). Since the nitrene transfer competes with the formation of
TsNH,, the reaction is favored when increasing the excess of
P1.

Entries 7 and 8 correspond to scale-up experiments similar
to that in entry 4, but with five- and ten-fold concentrations
of catalyst, PhI=NTs and polymer. As shown in Table 1,
isolated yield, functionalization, and degree of incorporation
are maintained at the three scales employed. Scaling up these
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a) ———— Silver-catalyzed nitrene addition to 1,2-1,4-polybutadiene (P2)
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Scheme 3. a) Functionalization of 1,2-1,4-polybutadiene P2 by catalytic nitrene addition. b) >N NMR and GPC traces for FP2 samples (TsNH; and Phl

also shown for comparison).

reactions is a crucial, not always simple step toward potential
industrial applications.[?"]

GPC experiments showed that polydispersity D values
for both the pristine material (P1) and the functionalized
polymers (F-P1) are quite similar (Scheme 2b and Table 1).
Thus, the D value of 1.4 for P1 compares well with those
of F-P1 of 1.3-1.6 (Table 1), regardless of the degree of
functionalization, despite the latter appearing in a wide
interval. This feature indicates a controlled functionalization
process that preserves the polymer microstructure from chain
scission or cross-linking reactions.!?!]

This material P2 contains two types of C=C bonds
(Scheme 3a), pending vinyl groups and chain-contained
olefinic bonds. Following a procedure similar to that
employed with P1, and under optimized conditions (see
Supporting Information), the [Tp*B' Ag], complex was found
to be the most active catalyst using a [Ag]:[PhI=NTs]:[P2]
ratio of 1:20:200. NMR studies showed the incorporation of
NTs units into the polymeric structure. 'H NMR spectrum
of F-P2 contains the fingerprint resonances for the Ts groups
in the aromatic region whereas > N NMR spectrum showed
a resonance at 92.57 ppm (Scheme 3b), analogous to that
already mentioned for F-P1. The existence of two potential
reaction sites for the addition of the NTs group led us to
evaluate the selectivity of this transformation. However, the
relative intensities for the vinyl and internal double bonds
did not change from P2 to F-P2, indicating that both types of
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C=C bonds display similar reactivity toward the aziridination
reaction. Albeit the internal sites could be more influenced by
steric factors, it seems that the Tp*P" Ag=NTs intermediatel*]
may access both sites in a similar manner. This agrees with
previous work from our laboratory where these catalysts do
not show significant steric effect with dienols bearing different
substituents.[?’]

Evaluation of the effect of the stoichiometric ratio of
reactants has also been performed (Table 2), showing the
same trends as those observed with P1. The degree of
functionalization can be controlled upon modifying the
PhI=NTs:P2 ratio; we have obtained an array of polymers
with NTs being incorporated within the 2%-48% interval.
Moreover, the reaction is quite efficient in terms of isolation
of the functionalized polymer, particularly when higher
amounts (1-2 g) are employed. As mentioned for P1, it is
very likely that the use of low polymer loadings (50-200 mg)
induces some loss during workup, and this is affecting the
isolated yields.

The isolated materials have been analyzed by GPC
and the polydispersity values are very close to those of
the starting material P2 (Scheme 3b and Table 2). The
comparison of the GPC traces for four samples with differ-
ent degrees of functionalization are shown in Scheme 3b,
the D values being maintained in the very narrow inter-
val of 2.4-2.5, which compares well with that of initial
P2 (2.6).
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Table 2: Functionalization of P2 under [Tp*BAg], catalysis modifying the polymer ratio.2b)
Isolated yield Functionaliz. % NTs

Entry [Cat]:[PhI=NTs]:[P2] P2 (g) F-P2 (%)9) (%)9 incorp.®) Mw (kDa) pf
1 1:20:50 0.05 58 48.1 21 12.93 2.6
2 1:20:100 0.1 64 27.4 29 11.04 2.8
3 1:20:200 0.2 69 14.1 32 10.10 2.5
4 1:20:500 0.5 76 6.9 37 6.73 2.5
5 1:20:1000 1.0 85 34 48 6.53 24
6 1:20:2000 2.0 92 2.1 70 6.07 2.4
7 P2 - 6.97 2.6

2 0.017 mmol [Tp*BrAg], (2% mmol% referred to Phl=NTs), 10 mL DCM, r.t., 4-8 h. ® Functionalization and yields determined by "H NMR using
1,3,5-trimethoxybenzene as internal standard. TsNH, accounted for 100% initial PhI=NTs not added to the polymer. © Isolated functionalized
polymer relative to initial polymer (w/w). 9 NTs incorporated referred to final polymer mass (w/w). © NTs incorporated referred to initial PhI=NTs.
f) Determined by GPC in THF at 30 °C versus linear PS standards.
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The methodology presented in this study allows the
complete control of the degree of incorporation of the
NTs group into the polymer chains. Collected data in
Tables 1 and 2 show that there is a correlation between
such functionalization and the initial PhI=NTs:polymer ratio,
for both P1 and P2 as starting materials. Scheme 4a plots
the relationship between those two series of values, which
fit quite well for both polymers. This means that with
this strategy it is possible to prepare materials with the
desired amounts of NTs incorporated just by adjusting that
ratio.

The availability of samples of F-P1 and F-P2 with
different degrees of functionalization led us to explore the
effect of the added NTs into polymer properties. As a
representative parameter, 7, was first targeted to evaluate
such potential dependence. Scheme 4b displays the T, values
obtained by thermal analysis for six samples of each modified
polybutadiene. A similar trend is observed for both series:
as the functionalization degree increases so it does the T,
(Scheme 4c). This behavior has been previously reported
for analogous polymers functionalized with N-containing
groups.[''2*] T, values for F-P1 fall in the range —32 to +
17 °C, whereas F-P2 samples show a wider interval from
—37 to 4+ 37 °C. This is a consequence of the existence of
two different olefinic sites in P2 which lead to aziridine rings
not only in the pendant vinyl group but also in the C=C
available at main polymer backbone, the latter causing chain
stiffening. Besides, non-covalent interactions between the
new functional groups via 7 —n stacking or hydrogen bonding
interactions involving the polar S=O from the tosyl groups
can also contribute to this increasel®! as has been previously
described.!!]

The effect of the aziridine functionalization on the thermal
stability of both polymers was also studied. As previously
reported, the thermal decomposition of polybutadiene in
an oxygen-free environment proceeds through a complex
sequence of reactions that initiate at temperatures lower
than those associated with the polymer chain scission.[*!
Comparing the thermal degradation of the pristine polymers
P1 and P2 with the functionalized F-P1 and F-P2, we
can mainly conclude that the incorporation of aziridine
groups has no impact in the thermal stability of the poly-
mers, since all the materials obtained from both polymers
displayed a principal Ty, in the range of 433 °C and
456 °C.

We have developed the first catalytic system for the
incorporation of nitrene units to polybutadienes as model
polymers employing silver-based catalysts. This process
operates at room temperature and does not induce appre-
ciable chain scission or cross-linking. It enables a highly
efficient and well-controlled functionalization of polymeric
substrates bearing internal and pendant C=C bonds. Ther-
mal analysis studies revealed a direct positive correla-
tion between the degree of functionalization and the
glass transition temperature (7,). This methodology opens
new opportunities for the development of new polymeric
materials functionalized with amino groups in a selective
manner, while preserving the integrity of the polymer
structure.
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