Application of a ferrocene-chelating heteroscorpionate ligand in
nickel mediated radical polymerization
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A nickel bromide complex supported by a non-innocent ferrocene-chelating heteroscorpionate ligand, [(fc(PPh2)(BH(3,5-

Mezpz)2)NiBr] ((fc®B)NiBr, fc = 1,1’-ferrocenediyl, pz = pyrazole), was synthesized and characterized. The compound can be

readily oxidized according to UV-vis and *H NMR spectroscopy. The catalytic activity of the compound’s different oxidation

states in the polymerization of vinyl monomers was explored. AB and ABA-type block copolymers were made from styrene

and p-chlorostyrene, offering an example of orthogonal redox control in radical polymerization.

Introduction

Redox switchable catalysis has been gaining traction over the
past decade as a method to obtain control over polymer archi-
tecture by changing electron density at either the ligand frame-
work or the metal center.l7 The use of external stimuli such as
chemical redox agents or electricity to control the oxidation
states of catalysts can be exploited to turn on and off different
complementary catalytic reactions.811 This form of orthogonal
reactivity has been extensively explored by our group®217 and
others1825 in ring open polymerization of cyclic esters and
ethers, yet there has been a limited number of attempts to ex-
pand the scope of redox controlled systems..7.26-36

Nickel halide complexes, particularly nickel bromides,37-39 in
the presence of an initiator, are active radical polymerization
systems with notable examples in atom transfer radical
polymerization (ATRP, Figure 1a).4941 The rates of polymeriza-
tion and equilibria in ATRP can be influenced via changes in the
redox state of the supporting ligand in metal halide species.4?
While ferrocene systems in conjunction with copper have been
previously investigated,*3 the influence of the redox states of
ferrocene on monomer activity and selectivity has not been in-
vestigated. Therefore, we set out to probe the effects of redox
states in radical polymerization with the goal of expanding the
scope of active systems for redox switchable catalysis.

We previously reported ferrocene-chelating heteroscorpi-
onate metal complexes in order to synthesize olefinic copoly-
mers by utilizing a chemical redox switch.*4
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Figure 1. (a) General Ni-Br radical polymerization. (b) Switcha-
ble behavior of (fcP»8)PdMe in norbornene polymerization.4> (c)
Redox dependent behavior of (fcP-B)NiBr in radical block copoly-
merizations.

The palladium alkyl heteroscorpionate [(fc(PPh;)(BH(3,5-
Me;pz),)PdMe] ((fcPB)PdMe, fc = 1,1’-ferrocenediyl, pz = pyrazole)
was successfully used as a catalyst in the switchable polymeri-
zation of norbornene derivatives; albeit only one oxidation state
was catalytically active (Figure 1b).#5 A brief foray into nickel
chemistry revealed an incompatibility in redox behaviors of the
iron contained in the ferrocene moiety and nickel, unlike what
was observed with the palladium system.#* Particularly, in the
case of the nickel alkyl complex (fcPB)NiMe, the tendency of
both metals to undergo one electron redox processes at similar
potentials results in an irreversible loss of the alkyl ligand, ren-
dering this compound unfit for redox-switchable polymerization
of vinyl monomers. However, the nickel halide complex,
(fcP-B)NiCl, displays two distinct redox events, which can be at-
tributed to the supporting ligand and nickel. The reversibility of
these events warrants further investigation into the nickel hal-
ide heteroscorpionates and their potential application in redox
switchable catalysis. Since nickel bromide compounds used in



radical polymerization have historically given better polymer
properties than nickel chloride species,3946-49 we set out to in-
vestigate whether (fc”B)NiBr would be a good candidate for rad-
ical polymerization of vinyl monomers utilizing the principles of
redox switchable catalysis (Figure 1c).

Herein, we report the synthesis and characterization of a
ferrocene-based heteroscorpionate nickel halide complex,
(fcPB)NiBr, which shows excellent orthogonal reactivity in two
different oxidation states. A monomer screen, consisting of sty-
rene, p-chlorostyrene (p-CS), methyl methacrylate (MMA), n-
butyl methacrylate (n-BuMA), and acrylonitrile was conducted.
As a proof-of-concept, AB and ABA type block copolymers of
styrene and p-chlorostyrene were also synthesized by the se-
guential addition of monomers and redox reagents.

Experimental Section
General Considerations

All experiments were performed under a dry nitrogen atmosphere in
an MBraun glovebox or using standard Schlenk techniques unless
otherwise noted. Solvents were purified using a two-column solid-
state purification system by the method of Grubbs 5° and transferred
to the glovebox without exposure to air. NMR solvents were ob-
tained from Cambridge Isotope Laboratories, degassed, and stored
over activated molecular sieves prior to use. NMR spectra were rec-
orded on Bruker AV-300, Bruker AV-400, Bruker DRX-500, or Bruker
AV-600 spectrometers at room temperature unless otherwise noted.
Chemical shifts are reported with respect to the residual solvent
peaks, 7.16 ppm (CsDs) and 7.26 (CDCl3) for *H NMR spectra. The
monomers and 1,2-difluorobenzene (DFB) were purchased from
Sigma Aldrich or Fisher Scientific and distilled over CaH, and then
brought into the glovebox without exposure to air. (fc?B)Li(THF), 4445
and FcBArF (Fc = ferrocenium, BArF = tetrakis(3,5-bis(trifluorome-
thyl)-phenyl)borate)s! were prepared according to literature proce-
dures and, unless otherwise noted, all reagents were acquired from
commercial sources and used as received. Elemental analysis of the
reduced and the oxidized compound was performed using an Exeter
Analytical, Inc. CE-440 elemental analyzer. The molecular weights of
the polymers were determined using a SEC-MALS instrument at
UCLA. SEC-MALS uses a Shimazu Prominence-i LC 2030C 3D equipped
with an autosampler, two MZ Analysentechnik MZ-Gel SDplus LS 5
um, 300 x 8 mm linear columns, a Wyatt DAWN HELEOS-II, and a
Wyatt Optilab T-rEX. The column temperature was set at 40 °C. The
flow rate of the column was kept at 0.70 mL min-! and samples were
dissolved in THF. The number average molar mass and dispersity val-
ues were dn/dc values, which were calculated by 100% mass recov-
ery from the RI signal, attributed to the dominant feature in the
trace.

Synthesis of (fcPB)NiBr

To NiBry(DME) (DME = 1,2-dimethoxyethane, 0.318 g, 1.03 mmol) in
7 mL THF, a solution of (fcPB)Li(THF), (0.729 g, 0.938 mmol) in 2 mL
THF was added dropwise at ambient temperature, and the color of
the solution changed rapidly from orange to dark greenish-black.
The reaction solution was stirred for 2 h. After removal of volatiles
under reduced pressure, the product was extracted into 8 mL of tol-
uene, and then filtered through Celite. Reduction in the volume of
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toluene to about 7 mL under a reduced pressure and layering of 10
mL of hexanes afforded a dark green crystalline material after 24
hours at -35°C. Decanting of the solution and washing of the remain-
ing solids with 3mL of cold hexanes yielded the product as a dark
green crystalline material (0.52 g, 69.1%). X-ray quality crystals were
obtained from a solution of toluene layered with hexanes at -40 °C.
The compound is paramagnetic. *H NMR (500 MHz, 25 °C, Cg¢Ds): 6
(ppm) 19.50 (s, br), 14.62 (s, br), 12.02 (s, br), 4.53(s), 3.34 (s, br), -
5.61 (s, br), -10.26 (s, br). 3C NMR (126 MHz, 25 °C, CsD): 6 (ppm)
125.70 (s, br, aromatic), 99.75 (s, br, CH), 79.44 (s, Cp-C), 70.89 (s, br,
Cp-C), 67.38 (s, Cp-C), 24.32 (s, br, CCHs). 31P NMR (121 MHz, 25 °C,
C¢Dg): 6 (ppm) 10.26 (s). Anal. (fcPB)NiBr-(C7Hs) (C3sHa1BBrFeNsNiP)
calcd: C, 58.4; H, 5.11; N, 6.98. Found: C, 58.8; H, 5.13; N, 7.12.

Isolation of [(fcPB)NiBr][BArF]

A solution of FcBArf (70.1 mg, 0.067 mmol) in 1,2-difluorobenzene
(DFB, 1 mL) was added to a stirring solution of (fc”8)NiBr (53.6 mg,
0.067 mmol) in DFB (1 mL) and allowed to react for 2 h before re-
moving the volatiles under a reduced pressure. The oily residual was
washed with cold hexanes three times and benzene was added to
redissolve the product. After letting it stand at -35 °C overnight, the
solution was decanted, and the remaining dark brown oil was dried
in vacuo for 12 h (90.1 mg, 81%). The compound readily decomposes
if heated above room temperature, limiting the polymerization reac-
tions to temperatures equal or less than 25 °C. Attempts to grow
crystals of the oxidized compound were unsuccessful. There are no
obvious peaks in the corresponding *H NMR (500 MHz, 25 °C, CgDs)
spectrum. Anal. [(fcPB)NiBr][BArf]-(C;Hs) (C71Hs3B2BrFeNsNiPFy4)
caled: C, 51.2; H, 3.18; N, 3.36. Found: C, 51.5; H, 3.11; N, 3.41.

Homopolymerizations with (fcP8)NiBr

Under an inert atmosphere, (fcP8)NiBr (11.1 umol) in 0.2 mL DFB,
ethyl 2-bromoisobutyrate (11.1 pumol) in 0.1 mL CgDe, 1,3,5-tri-
methoxybenzene (TMB, 0.117 mmol) in 0.1 mL C¢Des, and monomer
(1.05 mmol) were added to a J-Young NMR tube. The reaction mix-
ture was shaken occasionally. The tube was sealed and brought out
of the glovebox and placed in an oil bath when heating was required.
The NMR tube was taken out of the oil bath and the monomer con-
version was monitored by *H NMR spectroscopy. When the desired
conversion was reached, CH,Cl, was added to dissolve the polymer
and the resulting solution was poured into 10 mL of cold methanol
to precipitate the polymer; the mixture was centrifuged for 5 min,
and the supernatant was decanted. This process was repeated twice
to remove the catalyst and unreacted monomer. Polymers contain-
ing p-chlorostyrene were quenched with acetone and precipitated
with ethanol acidified with hydrochloric acid (wt. 5 %) instead of
CH,Cl; and methanol. The resulting polymer was dried under a re-
duced pressure before characterization.

Homopolymerization with in situ generated [(fcP8)NiBr][BArF]

Under an inert atmosphere, FcBArf (11.1 umol) in 0.1mL DFB was
added dropwise to a stirring solution of (fc”8)NiBr (11.1 umol) in 0.2
mL DFB. After 2 h, the solution was filtered through Celite and added
to aJ-Young NMR tube with ethyl 2-bromoisobutyrate (11.1 umol) in
0.1 mL C¢Dg, TMB (0.1167 mmol) in 0.1 mL C¢Ds, monomer (1.05
mmol). The reaction mixture was left at room temperature while be-
ing shaken occasionally. If heated, the compound will degrade to
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form an insoluble black powder. The tube was sealed and brought
out of the glovebox and monomer conversion was monitored by 1H
NMR spectroscopy.

General procedure for copolymerization

Under an inert atmosphere, (fc?B)NiBr (11.1 umol) in 0.2 mL DFB and
TMB (0.1167 mmol) in 0.1 mL C¢Dg were added to a J-Young NMR
tube. If starting with the oxidized compound, FcBArfF(11.1 pmol) in
0.1 mL DFB was added and allowed to react for 2 h followed by ethyl
2-bromoisobutyrate (11.1 umol) in 0.1 mL C¢Ds. Otherwise, ethyl 2-
bromoisobutyrate (11.1 pumol) in 0.1 mL CsDe was added immedi-
ately. The NMR tube was charged with monomer (1.05 mmol),
sealed, brought out of the glovebox, and placed in an oil bath when
a higher than ambient temperature was needed. Monomer conver-
sion was measured by 'H NMR spectroscopy. When a desired con-
version was reached, the NMR tube was brought back into the glove-
box, and CoCp; (11.1 umol) or FcBArf(11.1 umol) in 0.1 mL DFB was
added at room temperature. The reaction mixture was left at room
temperature for either 15 min or 2 h, respectively, with occasional
shaking before the next monomer was added. This process was re-
peated for the synthesis of triblock copolymers. For polymerization
reactions with styrene as the first and/ or last monomer in the chain,
we observed some auto-polymerized species that were co-isolated
with the desired polymer species in small but noticeable amounts.

General procedure for polymer isolation

When the desired conversion was reached, CH,Cl, was added to dis-
solve the polymer and the resulting solution was poured into 10 mL
of cold methanol to precipitate the polymer; the mixture was centri-
fuged for 5 minutes, and the supernatant was decanted. This process
was repeated twice to remove the catalyst and unreacted monomer.
Polymers containing p-chlorostyrene were quenched with acetone
and precipitated with ethanol acidified with hydrochloric acid (5%
wt.) instead of CH,Cl, and methanol. This method was not able to
wash out some of the heavier oligomeric products from the bulk pol-
ymer samples. The resulting polymer was dried under reduced pres-
sure before characterization.

Cyclic voltammetry study of (fcP8)NiBr

Cyclic voltammetry studies were conducted using a 20 mL scintilla-
tion vial with electrodes fixed in position by a rubber stopper, in a
0.10 mM tetrabutylammonium hexafluorophosphate (TBAPF¢) solu-
tion in THF. A glassy carbon working electrode (planar circular area =
0.071 cm?), a platinum reference electrode (planar circular area =
0.031 cm?), and a silver-wire pseudoreference electrode (purchased
from CH Instruments) were used. Before starting, the working and
auxiliary electrodes were polished with an aqueous suspension of
1.00 pm, 0.30 um, followed by 0.05 um alumina on a Microcloth pol-
ishing pad with a deionized water. Cyclic voltammograms were ac-
quired with the CH Instrument CHI630D potentiostat and recorded
with CH Instruments software (version 13.04). All potentials are
given with respect to the ferrocene-ferrocenium couple.

UV-vis spectroscopic studies

UV-vis spectra were recorded on a Hewlett Packard 8453 instrument.
DFB was used as the solvent blank. In the glovebox, 0.29 mM solu-
tions of FcBArF, CoCp,, (fcPB)NiBr, and [(fcP-B)NiBr][BArf] in DFB were
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prepared in advance. 5 mL of the solution being measured was
placed into a 1 cm quartz cuvette that could be sealed with a Schlenk
cap, and UV-vis spectra were recorded. Before testing the next spe-
cies, the cuvette was washed four times with DFB. For the in situ re-
dox studies of (fcP8)NiBr, a 0.29 mM solution of (fc”B)NiBr in 5 mL
DFB was added to the cuvette and a spectrum was recorded. FcBArF
was weighed out in a glass vial and 1 mL of the 0.29 mM (fc”B)NiBr
solution was used to dissolve the FcBArF before quickly transferring
the resulting solution back into the cuvette. UV-vis spectra were rec-
orded every 15 minutes for 2 h. CoCp, was then weighed out in a
separate glass vial and 1 mL of the 0.29 mM [(fc?B)NiBr][BArf] solu-
tion was used to dissolve the CoCp, before quickly transferring the
resulting solution back into the cuvette. UV-vis spectra were again
recorded every 15 min for 2 h.

X-ray crystallography

X-ray quality crystals were obtained from a toluene solution layered
with hexanes and placed in a =35 °C freezer in the glovebox. The X-
ray data collections were carried out on a Bruker SMART 1000 single
crystal X-ray diffractometer using Cu Ka radiation and a SMART APEX
CCD detector. The data was reduced by SAINTPLUS and an empirical
absorption correction was applied using the package SADABS. The
structure was solved and refined using SHELXTL (Bruker 1998,
SMART, SAINT, XPREP AND SHELXTL, Bruker AXS Inc., Madison, Wis-
cosin, USA). Tables with atomic coordinates and equivalent isotropic
displacement parameters, with all the distances and angles and with
anisotropic displacement parameters are listed in the cif.

Results and Discussion
Synthesis and characterization of the nickel bromide complex

(fcPB)NiBr was synthesized by reacting (fc”B)Li-(THF), with
NiBry(DME) in THF at room temperature (Scheme 1).44 Attempts to
characterize (fc”B)NiBr via 'H NMR spectroscopy resulted in only
broad, uninformative peaks as expected for a paramagnetic com-
pound (Figure $10). The solid-state molecular structure of (fcP8)NiBr
was determined by single-crystal X-ray diffraction (Figure 2). The co-
ordination environment around the nickel center has a distorted tet-
rahedral geometry with a T value of 0.84.52 The metal-ligand dis-
tances (P(1)-Ni(1), 2.3235(7) A; Br(1)-Ni(1), 2.3488(4) A; N(2)-Ni(4),
1.9567(19) A; N(1)-Ni(1), 1.965(2) A) match closely with those of the
analogous (fcPB)NiCl.44

The redox behavior of (fc”B)NiBr was studied using cyclic voltam-
metry performed in a tetrabutylammonium hexafluorophosphate
([TBA][PF¢]) solution in THF (Figure 2). (fcPB)NiBr displayed a quasi-
reversible redox process at Ei, = -0.09 V vs Fc/Fc* with an ipe/ipa =
1.65, and a second irreversible oxidation event at E1/> = -1.62 V vs
Fc/Fc*. This behavior differs significantly from (fc”B)NiCl, which dis-
played two reversible redox events at E1/, =-0.03 Vand E;/ =-1.58 V
vs Fc/Fc*that were previously assigned to the ferrocene moiety and
nickel, respectively.** Meanwhile, the in situ reactions with FcBArF
(Fc = ferrocenium, BArF = tetrakis(3,5-bis(trifluoromethyl)phenyl)bo-
rate) as the oxidant 5! and CoCp; (cobaltocene) as the reductantina
mixture of 1,2-difluorobenzene (DFB) and CsDs were monitored by
IH NMR spectroscopy (Figure S13). No obvious peaks were observed
in the oxidized spectrum, and the return of the original broad peaks
was not observed after reduction with CoCp,, suggesting the original
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compound could not be regenerated. A qualitative solution state
magnetic susceptibility study further corroborated these results as
the original difference in chemical shift of the internal standard could
not be regenerated and the peak splitting became quite complex
(Figure S14).33 The color of the mixture changed during the oxidation
and reduction processes, gradually from dark green to a dark-reddish
brown, when the oxidation occurred over the course of two hours.
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Scheme 1. Synthesis of (fc”B)NiBr and [(fc”B)NiBr][BArf] from
(fcPB)Li(THF),.
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Figure 2. Left: Thermal ellipsoid (50% probability) representation of
(fcPB)NiBr; hydrogen atoms (except for B-H) and co-crystalized tolu-
ene were omitted for clarity. Top right: Redox behavior of (fcP-B)NiBr;
cyclic voltammogram recorded with a glassy carbon electrode at 100
mV/s in THF, 0.10 M [TBA][PF¢] containing 1.0 mM (fcPB)NiBr. E1/, = -
0.09V, -1.62 V. Bottom right: UV-vis study of different (fcPB)NiBr spe-
cies (0.29 mM) in 1,2-difluorobenzene.

However, the return of the dark green color was not observed after
the addition of CoCp,. To help verify that the original compound is
not restored upon reduction with CoCp,, UV-vis data was collected
(Figure 2). The absorbance at 392 nm in (fcP8)NiBr slowly disappears
and an absorbance at 488 nm appears as the compound is reacted
with FcBArF. Upon reaction with CoCp,, the absorbance at 392 nm is
not regenerated, further indicating that the original compound can-
not be regenerated.

Elemental analysis results of the reduced and oxidized states of
(fcPB)NiBr were in agreement with the calculated values. These data
are consistent with an oxidized species being generated with FcBArF,
and it was reasoned that the coordination of a substrate may en-
hance the stability of the catalytically active species. A similar situa-
tion was observed by us previously when investigating the effect of
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the redox state of (thiolfan*)Zr(NEty), (thiolfan* = 1, 1'-bis(2,4-di-
tert-butyl-6-thiophenoxy)ferrocene) on the hydroamination of pri-
mary and secondary aminoalkenes.>*

Homopolymerization reactions

The activity of (fc®B)NiBr and [(fc™B)NiBr][BArf] toward styrene, p-
chlorostyrene (p-CS), methyl methacrylate (MMA), n-butyl methac-
rylate (n-BuMA), and acrylonitrile polymerization was investigated in
order to ascertain the effect of redox states on reactivity in radical
polymerization (Table 1). For styrene and MMA, only the oxidized
compound was active, and no activity could be observed for the re-
duced state (Table 1, entries 1-2 and 5-6). MMA reached 91% con-
version after 123 hours, while styrene reached full monomer conver-
sion after only 0.1 hours (Figures S15, S17). Poly(styrene) (PS) and
poly(methyl methacrylate) (PMMA), displayed a narrow unimodal
distribution, with dispersities of 1.40 and 1.09, respectively (Figures
S30, S32). Both p-CS and n-BuMA displayed preferential activity to-
ward the reduced compound, achieving a 93% and 95% conversion
after 44 hours, respectively (Table 2, entries 3-4 and 7-8). Poly(p-
chlorostyrene) (PCS) and poly(n-butyl methacrylate) (Pn-BuMA)
were well controlled and displayed a narrow unimodal distribution,
with dispersities of 1.14 and 1.09, respectively (Figures S31, S33).
Though Pn-BuMA obtained via the oxidized compound displayed a
narrow unimodal distribution with a dispersity of 1.05, the conver-
sion of the monomer was only 38% (Figure S19). Acrylonitrile was not
active toward the oxidized nor the reduced compound. This is con-
sistent with previous studies that used Cu-based catalysts,>>¢ and is
likely due to the nitrile functional group being too strong of a nucle-
ophile.#> Relevant control studies (Table S1) performed in the ab-
sence of radical initiator show the likely formation of oligomers, and
therefore a radical mechanism is favored.

Copolymerization reactions

Encouraged by the orthogonal monomer selectivity described above,
the synthesis of block copolymers was attempted via redox-switcha-
ble radical polymerization even though the oxidation reaction is not
reversible. As shown in previous studies,’>54 we hypothesize that in
the presence of coordinating substrates, the stability of the oxidized
species is enhanced, thus allowing for switchable reactivity.

To create an AB diblock, we started with the oxidized compound
and polymerized styrene. This was followed by the addition of CoCp,
to alter the catalytic behavior of [(fc”B)NiBr][BArf] and the addition
of p-CS to start growing a p-CS block resulting in a PS-PCS copolymer
with a relatively low p-CS conversion (Table 2, entry 2). The reverse
diblock PCS-PS was also synthesized with greater success owing to
not needing to switch the oxidized compound into a different cata-
lytic state (Table 2, entry 4).

In both cases, the activity of the first block is similar to that ob-
served from homopolymerization studies, but for the second block it
was comparably slower, presumably due to decomposition orincom-
plete catalyst reduction as our catalyst state changes are not reversi-
ble under non-electrochemical conditions. While the SEC traces dis-
played narrow unimodal molecular weight distributions, diffusion or-
der spectroscopy (DOSY) proved inconclusive for the PCS-PS copoly-
mer since each block is of similar molecular weight (Figures S3-4,
S39).

This journal is © The Royal Society of Chemistry 20xx



Table 1. Homopolymerization of various monomers by (fc?B)NiBr and [(fc”B)NiBr][BArF].

Mncalc Mnexp

Entry  Catalystle Monomer®  Time (h) T(°C)  Conv. (%) (kg/mol)l  (kg/mol)te pldl
1 red styrene 70 80 NR - - -

2 ox styrene 0.1 RT >99 9.9 4.6 1.40
3 red p-CS 44 80 93 11.4 12.6 1.14
4 ox p-CS 44 RT <20 N/Dlel N/Dlel N/Dlel
5 red MMA 123 80 NR - - -

6 ox MMA 123 RT 91 9.8 10.1 1.09
7 red n-BuMA 44 80 95 13.1 9.9 1.29
8 ox n-BuMA 49 RT 38 4.9 3.0 1.05
9 red acrylonitrile 27 80 NR - - -

10 ox acrylonitrile 27 RT NR - - -

Conditions: monomer (1.05 mmol), ethyl 2-bromoisobutyrate (0.0111 mmol), (fc®B)NiBr (0.0111 mmol), 1,3,5-trimethoxybenzene (TMB) as an internal stand-

ard (0.1167 mmol), FcBArF as the oxidant (0.0111 mmol), and CsDs and o-difluorobenzene as the solvent (a total volume of 0.5 mL); [a] “red” and “ox” refer to

the reduced and in situ generated oxidized compound. [b] p-CS = p-chlorostyrene, MMA = methyl methacrylate, n-BuMA = n-butyl methacrylate. [c] Deter-

mined by *H NMR spectroscopy. [d] Determined by SEC. [e] Not determined.

Table 2. Redox controlled copolymerization studies by (fcPB)NiBr and [(fcP8)NiBr][BArF].

Entry Monomer Monomer Monomer  Catalystlb! Time (h)  T(°C) Conv. (%) Mncalc Mnexp b
10 2 3 (kg/mol)lcl  (kg/mol)ld

1 styrene - - ox 0.2 25 90 9.0 6.8 1.10

2 styrene p-CS - ox-red 0.2-46 25-80 90-18 11.4 10.8 1.33

3 p-CS - - red 21 80 77 9.4 10.1 1.18

4 p-CS styrene - red-ox 21-44 80-25 77-72 16.6 15.5 1.17

5 p-CS styrene p-CS red-ox-red 21-44-44  80-25-80 77-72-37 211 19.4 1.24

Conditions: monomer (1.05 mmol), ethyl 2-bromoisobutyrate (0.0111 mmol), 1, 3, 5-trimethoxybenzene (TMB) as an internal standard (0.1167 mmol), FcBArf

as oxidant (0.0111 mmol), CoCp: as reductant (0.0111 mmol), and CsDs and o-difluorobenzene as solvent. Reaction temperatures were based on homopolymer
studies, unless otherwise mentioned. [a] p-CS = p-chlorostyrene. [b] “red” and “ox” refer to the reduced and in situ generated oxidized compound. [c] Deter-

mined by *H NMR spectroscopy. [d] Determined by SEC.

However, using the Stejskal-Tanner equation,5’ it was clear that the
two blocks in the copolymer have a similar diffusion coefficient, and
that if the corresponding homopolymers were present, a faster dif-
fusion coefficient would have been observed (Figure S8). Other di-
block copolymers with a variety of monomer combinations were at-
tempted (Table S2), but none of them formed copolymers despite
literature precedence for block copolymers of Pn-BuMA-MMA38 and
Pn-BuMA-PS.>8

Previous reports of PS-PCS diblock copolymers synthesized via
radical polymerization required the use of a PS macroinitiator, and
triblock copolymers were not attempted.>® The only other example
of PS and PCS ABA triblock copolymers was synthesized via anionic
polymerization with sodium naphthalene.° Therefore, we set out to
prepare ABA triblock copolymers of PCS and PS via radical polymeri-
zation and to ascertain if the catalytic activity of (fcPB)NiBr was re-
gained after sequential oxidation and reduction. While a PS-PCS-PS

This journal is © The Royal Society of Chemistry 20xx

copolymer could not be obtained (Table S2, entry 9), sequential ad-
dition of CoCp; to the PCS-PS diblock reaction mixture followed by p-
CS led to the formation of a third block, incorporating 37% of p-CS
after 44 h at 80 °C (Table 2, entry 5). Despite the low conversion of
the third block, the triblock copolymer exhibits a narrow unimodal
distribution (Figure 3, Figure S40). DOSY results show only one diffu-
sion coefficient (Figure S5), and the Stejskal-Tanner plot indicates
that the blocks in PCS-PS-PCS triblock have a distinct diffusion coeffi-
cient from the blocks in PS-PCS diblock (Figure S9). Therefore, it is
confirmed that p-CS was incorporated as a third block and a triblock
copolymer was formed. Despite the fact that the reduced compound
could not be recovered from independent reactions with chemical
redox reagents, we hypothesize that coordinating substrates en-
hance the stability of the Ni complex, thus allowing a triblock copol-
ymer to be formed. This is consistent with our other works where
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additional switchable behavior is only observed in the presence of
monomer.15:54

Interestingly, the block copolymers synthesized here are the first
examples of copolymers made by exploiting the orthogonal reactivity
of different oxidation states for radical polymerization systems.
Switchable catalysis studies in ATRP tend to focus on electro-
chemically mediated reactions, where catalysts can only be
switched on or off,61 and the synthesis of block copolymers
tends to start from macroinitiators,%264 unlike in the present
system, which can synthesize block copolymers de novo. Ex-
panding the realm of redox switchable catalysts from ring opening
polymerizations to include the polymerization of polar vinyl mono-
mers offers an opportunity to couple these systems in future work.
The results presented herein are an important step toward achieving
both increased complexity and increased temporal control in poly-
mer synthesis.
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Figure 3. Plot of conversion (%) vs time for the sequential addition
polymerization of p-CS and styrene with (fcPB)NiBr using in situ oxi-
dation and reduction with FcBArf and CoCp,, respectively.

Conclusions

The application of a ferrocene-chelating heteroscorpionate lig-
and in nickel mediated radical polymerization was explored. In
the presence of a radical initiator, (fcP-B)NiBr is active in p-CS and
n-BuMA polymerization, while the oxidized species is active in
styrene, p-MOS, and MMA polymerization. Even though the ox-
idized species could not be chemically reduced back to
(fcP-B)NiBr, the catalytic nature of [(fcP-B)NiBr][BArF] could still be
altered by the addition of a reductant, facilitating the prepara-
tion of PCS-PS, PS-PCS, and PCS-PS-PCS block copolymers via se-
quential monomer addition. These copolymers offer proof-of-
concept that redox switchable catalysis can be expanded to rad-
ical polymerizations.
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